Wellbore completion monitoring using fiber optic distributed strain sensing by Lipus, Martin Peter
Wellbore completion monitoring using
fiber optic distributed strain sensing
Von der Fakultät für Geowissenschaften, Geotechnik und Bergbau
der Technischen Universität Bergakademie Freiberg
genehmigte
DISSERTATION




von Martin Peter Lipus
geboren am 27. Oktober 1988 in Lippstadt
Gutachter:
Prof. Dr.-Ing. Matthias Reich, TU Bergakademie Freiberg
Prof. Dr. Ernst Huenges, Technische Universität Berlin
Prof. Dr.-Ing. Moh’d Amro, TU Bergakademie Freiberg
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Kurzfassung
Bohrlochintegrität ist unerlässlich für die erfolgreiche und nachhaltige Produktion
und Injektion von Fluiden aus Reservoirgesteinen, wie beispielsweise bei der Nutzung
von Kohlenwasserstoffen, Geothermie oder Standorten für geologische Speicherung.
Um die Integrität einer Bohrung über seine Lebens-zeit zu gewährleisten, ist vor
allem eine erfolgreiche primäre Komplettierung nötig. Besonders die Zementation
der Rohre stellt dabei ein großes Risiko dar, weil durch die natürlichen Gegeben-
heiten im Bohrloch viele Faktoren Einfluss auf die Zusammensetzung und Verteilung
der Zementsuspension haben. Diese Studie untersucht das Monitoring-potenzial
von faseroptischer ortsverteilter Dehnungsmessung DSS (distributed strain sens-
ing). Ergänzend zu faseroptischer ortsverteilten Temperaturmessung DTS (dis-
tributed temperature sensing), welche seit mehr als zwei Jahrzehnten in der In-
dustrie Anwendung findet, kann jeder Ort einer Glasfaser zusätzlich Informationen
über den mechanischen Spannungszustand geben. Experimentelle und analytische
Arbeiten wurden durchgeführt, um die Auswirkung von Laständerungen auf einer
Faser zu quantifizieren. Desweiteren wurde der Einfluss komplexer mehrschichtiger
Bohrlochkabel auf Dehnungsmessergebnisse untersucht. Ein faseroptisches Messk-
abel wurde im Zuge dieser Arbeit im Ringraum entlang der Produktionsrohrtour
einer Bohrung installiert. Die gemessenen Geländedaten zeigen Ergebnisse aus zwei
Arbeitsschritten der Fertigstellung der Bohrung - der Filterverkiesung und der Ze-
mentation. Aufgrund der Dichtedifferenz von Kies und Bohrspülung wurde am Ka-
bel ein Dehnungseffekt gemessen. Die Teufe, in welcher der Dehnungseffekt auftritt,
korreliert mit Wireline Gamma-Gamma-Dichtedaten, welche im gleichen Zeitfen-
ster gemessen wurden. Die anschließende Kompaktion des Kieskopfes wurde durch
das Glasfaserkabel in Form einer zunehmenden mechanischen Belastung erfasst.
Während der anschliessenden Zementation der Rohrtour wurde ein Dehnungsef-
fekt in der Mischzone von Flüssigkeiten mit unterschiedlichen rheologischen Eigen-
schaften gemessen. Anhand eines Experiments konnte bestätigt werden, dass fluid-
rheologische Parameter (wie die Fluidviskosität) mit einem faseroptischen Messka-
bel quantifiziert werden können. Hierfür werden Fluidscherspannungen gemessen,
welche durch das Fließen von Fluiden an der Kabeloberfläche hervorgerufen wer-
den (amtliches Zeichen zur Patentanmeldung: EP 19171265.2). DSS-Messungen er-
weiten das Verständnis von Fluidverdrängungsvorgängen in Bohrlöchern und ermög-
lichen eine Beurteilung von Komplettierungsvorgängen in Echtzeit.
v
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Abstract
Borehole integrity is fundamental for the successful and sustainable utilization of
hydrocarbons, geothermal energy and sites for geological storage. The success of the
primary well completion is necessary to ensure the integrity of a well over its lifetime.
In particular, the casing cementation represents a great risk because many factors
have an influence on the composition and distribution of the cement suspension due
to the natural conditions in the borehole. This study investigates the monitoring
potential of fiber-optic distributed strain sensing (DSS) using a measurement cable
which is installed in the annulus of a well. Similar to distributed temperature sens-
ing (DTS), which is used for temperature monitoring in industry applications for
more than two decades, fibers additionally convey information about their mechan-
ical stress state. Laboratory as well as analytical work was performed to quantify
the effect of load changes on a fiber. In addition, the influence of complex multi-
layered downhole cable on the strain response is examined. The presented field data
shows results from two stages of the well completion - the gravel packing and the
cementation. Due to the difference in density of gravel and drilling fluid, a defor-
mation is measured on the cable. The depth at which the stretching effect occurs
correlates with wire-line gamma-gamma density data measured in the same time
window. The subsequent solidification of the gravel head, which was not revealed
by the logging measurement, was detected by the fiber optic cable in the form of
an increasing mechanical load on the cable. During cement pumping, fluid shear
stresses create a measurable load on the cable, especially in the mixing zone of liq-
uids with different rheological properties. Based on this observation, an experiment
was designed and conducted which aims at measuring fluid rheological parameters
such as fluid viscosity. For this purpose, the fluid shear stresses acting on the fiber
optic sensing cable in the flow path are measured (patent application number: EP
19171265.2). DSS measurements extend the understanding of fluid displacements
in wellbores and allow an assessment of well completion process in real time.
vii
Wellbore completion monitoring using fiber optic distributed strain sensing
Contents
Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii
1 Introduction 1
1.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2 Problem statement and objective . . . . . . . . . . . . . . . . . . . . 10
2 Fiber-optic distributed sensing 11
2.1 Introduction to fiber-optic sensing . . . . . . . . . . . . . . . . . . . . 11
2.2 Optical time domain reflecometry (OTDR) . . . . . . . . . . . . . . . 12
2.3 Fiber bragg grating (FBG) . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 Distributed strain sensing (DSS) . . . . . . . . . . . . . . . . . . . . . 16
2.5 DSS data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5.1 Window size optimization . . . . . . . . . . . . . . . . . . . . 25
2.5.2 Real-time monitoring routine . . . . . . . . . . . . . . . . . . 27
2.6 Distributed temperature sensing (DTS) . . . . . . . . . . . . . . . . . 28
3 Bare fiber calibration (Experiment A) 31
3.1 Experimental Setup (A) . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2 Results (A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 Discussion (A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.4 Conclusions (A) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4 Strain in multilayer cable (Experiment B) 39
4.1 Theoretical Approach (B) . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Experimental Setup (B) . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3 Results (B) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 Discussion (B) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.5 Conclusions (B) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
ix
5 DSS fluid rheology (Experiment C) 57
5.1 Theoretical approach (C) . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Experimental Setup (C) . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3 Results (C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.4 Discussion (C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.5 Conclusion (C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.6 Cable design optimization . . . . . . . . . . . . . . . . . . . . . . . . 88
6 Wellbore monitoring 91
6.1 Underground thermal energy storage (UTES) . . . . . . . . . . . . . 92
6.2 ATES Fasanenstrasse, Gt BChb 1/2015 . . . . . . . . . . . . . . . . . 94
6.3 Results (D) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
6.3.1 Gravel packing . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.3.2 Strain evolution after primary gravel pack . . . . . . . . . . . 100
6.3.3 Cementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.4 Discussion (D) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.4.1 Cable buoyancy change during gravel packing . . . . . . . . . 106
6.4.2 Cable tension due to gravel sagging and compaction . . . . . . 107
6.4.3 Strain measurement during fluid circulation . . . . . . . . . . 107









A - Area (m2)
ADC - Analog to digital converter
ATES - Aquifer thermal energy storage
BOFDA - Brillouin optical frequency domain analysis
CBL - Cement bond log
CCL - Casing collar locator
dc - Cable diameter (m)
DH - Hydraulic diameter (m)
DAQ - Data acquisition unit
DHG - Down-hole gauge
DSSraw - Raw distributed strain (sensing) data (GHz)
DSSpure - Temperature corrected (DSSraw-DTSmodif.)
DTS - Distributed temperature sensing (◦C)
DTSmodif. - DTS data translated to spectral domain (GHz)
E - Elastic modulus (Pa or N/m2)
fD - Darcy friction factor (or flow coefficient λ)
F - Force (N or kg m/s2)
FBG - Fiber bragg grating
FFT - Fast fourier transformation
FIMT - Fiber-in-metal-tube
FIT - Formation integrity test
FO - Fiber optic
FUT - Fiber under test
GRP - Glass reinforced polymer
GUI - Graphical user interface
h - Planck constant (6.626 · 10−34 J · s)
ik - Index of consistency (Pa s)
Ia - Intensity of Anti-Stokes band (Raman DTS)
Is - Intensity of Stokes band (Raman DTS)
ID - Inner diameter (m)
IFFT - Inverse fast fourier transformation
xi
k - Mechanical stiffness (N)
kB - Boltzmann’s constant (1.38 · 10−23 m2 · kg · s−2 ·K−1)
KT - Temperature calibration constant (
◦C/GHz)
Kε - Strain calibration constant (µε/GHz)
∆l - Length change (m)
L0 - Initial length (m)
MD - Measured depth (m)
n - Refractive index
nbi - Flow behavior index (dimensionless)
neff - Effective refractive index
OBR - Optical backscatter reflectometer
OD - Outer diameter (m)
OFDR - Optical frequency domain reflectometry
OTDR - Optical time domain reflectometry
PE - Poly-ethylen
PEEK - Poly-ether-ether-ketone
∆p - Pressure loss (Pa)
q - Mean flow rate (m/s)
Q - Volumetric flow rate (m3/s)
r - Radius (m)
R2 - Coefficient of determination
Re - Reynolds number (dimensionless)
SWI - Swept-wavelength interferometry
T - Temperature (◦C)
TOC - Top of cement (m)
USIT - Ultra-sonic-imager-tool
W - Window length (data points)
WOC - Waiting on cement
xii
Greek letters
αV - Volumetric coefficient of thermal expansion (10
−6/◦C)
γ̇ - Shear rate (s−1)
γγ-log - Gamma-gamma-density-log
∆ε - Relative mechanical strain (µε or 10−6 m/m)
∆ε/l - Strain gradient (µε/m)
η - Dynamic viscosity (mPa s)
ν0 - Wave number of the incident light (nm)
νk - Amount of wave number shift (nm)
∆ν - Spectral shift (GHz)
λB - Bragg wavelength (nm)
Λ - Grating period (m)
ρ - Density (g/cm3)
σ - Stress (Pa or N/m2)
τ - Shear stress (N/m2)
τ0 - Yield stress (N/m
2)
τw - Wall shear stress (N/m
2)
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1 Introduction
Wellbores provide the connection between reservoir formations in the underground
(oil, gas, brine, geothermal energy, reservoir horizons for geological storage) and the
surface. The demands of deep wells are defined by economic efficiency and safety
targets. The safety goals focus on the precaution of risks for health, the environ-
ment and physical goods. The prerequisite for achieving the safety goals is the
integrity of the wellbore. By definition of the German Federal Association of Nat-
ural Gas, Petroleum and Geoenergy (German: Bundesverband Erdgas, Erdöl und
Geoenergie, BVEG), the integrity of a wellbore is given when fluids contained in
the wellbore can be controlled safely at any given temperature and pressure in the
wellbore within the intended operational conditions (BVEG 2017). The regulations
for wellbore integrity are specified for every phase during the lifespan of a borehole.
Regulations are subdivided according to the properties of the fluids and the oper-
ating conditions of the well. Standards for well integrity in Europe are defined by
various national and international legislations. These are listed in publications from
the International Organization for Standardization (ISO 2015), European Commit-
tee for Standardization (French: Comité Européen de Normalisation) (CEN 2015),
the Norwegian shelf’s competitive position (Norwegian: Norsk sokkels konkurranse-
posisjon) (NORSOK 2013), UK Oil and Gas (Oil and Gas 2016) and the German
Institute for Standardization (German: Deutsches Institut für Normung e.V.) (DIN
1998). These regulations define technical, operational and organizational procedures
to minimize the risks of fluid leakage over the lifetime of a well.
Bore hole barriers are a combination of one or more barrier elements. Barrier el-
ements are physical or mechanical objects which withstand the maximal expected
load in a well in terms of pressure, temperature and mechanical and chemical load.
By legislation, the initial status and recurring inspection must be controllable over
the lifetime of a well. Barrier elements are encountered along the entire length of a
well. Examples for barrier elements are the well head, valves at the well head, ce-
mented casing intervals, liners, packers, impermeable rock formations and wellbore
fluids. Figure 1.1 shows a schematic example of a wellbore with bore hole barriers.
Each of these barriers provide individual safety and protection in terms of unin-
tended fluid migration and hazards. Well integrity standards usually require that at
least two individual barrier elements must be present at any position along a well.
The primary barrier is in direct contact with the fluid and pressure. In case this
1
primary barrier should fail, a secondary barrier is present as a safety assurance. This
double safety requirement is especially needed for wells with an open-flow potential,
meaning that the tapped downhole reservoirs are under high pressures so that fluids
would flow at the well head under atmospheric conditions. A well without open-flow
potential may be completed with primary barriers only.
No. Well barrier element
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Figure 1.1: Example of a two barrier system defined by the BVEG (BVEG 2017)
The construction of a well consists of several phases of drilling - casing installation
- casing cementation. The casing and cement stabilize the bore-hole, seal it from
surrounding rocks and protect ground water fluid horizons. The quality of the ce-
ment sheath affects the mechanical stability of the well construction and protects
the casing from corrosion. When drilling of a phase is completed, the drill string
is removed from the well and casing is run into the well. The annular space in
between the casing and the formation is subsequently filled with cement. This pri-
mary cement job is necessary in order to prevent fluids or gases to migrate upwards
behind the casing walls throughout the lifetime of the well. A good cement job is
present when the cement sheath is evenly distributed in the annulus with no mud
or gas channels. Proper cementing of the complete annular space is a complicated
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procedure which often fails in practice. In the U.S. oil and gas industry alone, about
15 % of primary cement jobs fail which leads to additional estimated costs of USD
450 million annually in remedial cementing operation (Newman et al. 2001).
Cements gain compressive strength as a result of hydration which involve chemical
reactions between the anhydrous compounds and water. The cement curing process
starts once water is added to the cement powder. The reaction is an exothermic
reaction which involves various distinct phases with changing rate of heat evolution.
It is a challenge to place such a cement-water slurry with the desired properties
over the complete length of a casing interval. A broad spectrum of cement additives
are available on the market to alter the cement slurry properties depending on the
specific application. To name a few additives, accelerators reduce the setting time
of cement (retarders increase it), extenders lower the density (weighting agents in-
crease it) and fluid-loss control agents control leakage from the aqueous phase. For
a successful cement job, the right cement slurry design needs to be adjusted based
on the predicted pore and fracking pressure gradients as well as the durability of the
hardened cement in terms of temperature, pressure, chemistry and changing load
cycles.
According to the cementing guideline by the BVEG, operators use (or are recom-
mended to use) the following practices to achieve optimal cement placement (BVEG
2017). The required slurry volume needed to cement a casing interval is accessed
from caliper wire-line logging tools which measure the geometry of the borehole.
Information about fluid loss zones or fractures in the well might be available from
the drilling phase. If necessary, these zones are sealed before the cementation starts
to prevent loss of circulation and cement from entering the formation. An extensive
industry survey which interviewed operators about circulation loss identification,
evaluation and treatment in geothermal environment is available in literature (Good-
man 1981). In order to achieve the most uniform possible cement sheath around
the casing, the casing pipes must be arranged as centralized as possible along the
cementing interval (high stand-off ratio). Cementing problems from reference wells
should be analyzed to identify bottlenecks. The rheological properties of drilling
fluid, spacer fluid and cement slurry should be measured in the laboratory and be
customized to reach optimal fluid displacement in the well. The setting time of
the cement under downhole temperature conditions and the compressive strength
should be measured in the laboratory.
During cement pumping, data about the cementation process is usually restricted
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to flow rates and pressure readings at the cement pumps on surface. No informa-
tion is available from the subsurface about the displacement process of the cement
(Contreras et al. 2017).
After cement pumping is completed, cement evaluation tools are used to access the
quality and distribution of the cement in the annulus. Downhole data is gathered
by running logging tools into the well. Standard logging packages to evaluate the
status of cement and casing consist of a number of different logging tool. The two
most commonly used tools to assess the cement distribution behind casing are the
cement bond log (CBL) and the more modern ultra sonic imager tool (USIT). A
standard USIT-CBL-logging run usually involves a number of other logging tools
(see table 1.1). Figure 1.2 shows a schematic representation of a bond-log tool with
a cross section of a cemented casing. A sufficient number of centralizers is required
to keep the logging tool in the center of the pipe (not shown in the figure).
Table 1.1: Summary of tool assembly used for cement evaluation logging
GR Gamma ray
Caliper Caliper
CCL Casing collar locator
CBL Cement bond log









Figure 1.2: CBL tool assembly. Figure modified from Pardue et al. (1963)
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GR logging tools measure the natural radiation of the geological units which
intersect the well. GR data is used for depth correlation. CCL tools are used to
identify tubulars coupling. Caliper tools are used to measure the inner size of the
cased strings and determine their shape.
The CBL is a wire-line logging tool which records the response of the well to acous-
tic waves to derive the presence and bonding from casing to cement and cement
to formation. The CBL tool consists of a transmitter which is usually made of
piezoelectric ceramics and generally two receivers which are made of piezoelectric
ceramics as well (Allouche et al. 2006). The receivers are spaced in a distance of
3 ft (0.9 m) and 5 ft (1.5 m) from the transmitter. The acoustic wave which travels
from the transmitter into the casing and to the receiver is damped at locations where
cement is present due to shear coupling of the waves into the cement (Pardue et al.
1963). The CBL provides no azimuthal information and cannot by itself quantify
channeling of water pockets on one side of the casing.
The USIT is a cement evaluation and corrosion detection tool based on ultrasonic
(Hayman et al. 1991). It consists of a rotating ultrasonic transducer and receiver
which provides full axial coverage around the wellbore. USIT data can be used to
show location of good cement, water channeling, contaminated cement and gas.
If the cement job was successful, the well completion can move to the next phase and
a hydraulic test or formation integrity test (FIT) is performed to test the pressure
integrity of the well. If the cement job was insufficient, either a remedial cement job
is required or the well must be plugged and abandoned. A remedial cement job is
mostly a cement squeeze operation which fills voids or mud channels in an existing
cement sheath. Such an operation requires to perforate the casing and install a
packer in order to access the annulus. Because these operations are often performed
on short notice with little time for planning and design, the success rate of remedial
cementing operations is rather low (Daccord et al. 2006). A field survey involving
137 cement squeeze operations revealed a success rate of 34 % after the primary
cement squeeze attempt and a total success rate of only 60 %, even after up to six
subsequent squeeze operations were performed (Cowan 2007).
It is a challenge for operators to understand and predict the displacement of the
annular fluid by the cement slurry. A broad research field is dedicated to access this
topic. The displacement efficiency depends on the physical properties of the fluids,
the downhole geometries in the annulus, the flow rate, the flow regime and to a lesser
extent the fluid interaction with the rock formation. The vast number of variables
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make it challenging to develop models and analogous laboratory experiments.
Initial research regarding the displacement mechanics found out that the pipe cen-
tralization, flow rate and especially density difference between the displacing and
displaced fluid are the key factors concerning the displacement efficiency (Jones and
Berdine 1940). In a setting where two Newtonian fluids with different densities are
superimposed on each other, the displacement is driven by buoyant forces. When
the density of the upper is less than the other, the interface will remain stable. The
viscosity of the fluids was soon after recognized as a key factor for displacement as
well (Howard and Clark 1948). As with density, a lower viscosity of the upper fluid
will lead to a more stable displacement. Other studies use an analytical solution
to describe the displacement of fluids with a more complex flow behavior involving
non-Newtonian fluids (Nguyen et al. 1992). The studies presented before assumed
the flow to be in a laminar flow regime. Other studies propose to run the displacing
fluid in the turbulent flow regime because a higher displacement efficiency can be
archived (Lockyear et al. 1990). However, this finding is controversially discussed
because a turbulent regime triggers instability of the interface and promotes inter-
mixing of the fluid layers (Foroushan, 2017).
Numerical models for cement/mud displacements in laminar flow are available for
even and steady geometry of the annulus which also account for variations in stand-
off-ratio and inclinations along the well (Bittleston et al. 2002). Other models which
were validated with experiments include turbulent flow and account for diffusion
and miscibility of the involved fluids (Aranha et al. 2012). Recently, a simulation
workflow was published for a complex horizontal well trajectory, including hydraulic
simulation to determine the string centralization over the length of the well (Tardy
et al. 2017). The analytical and numerical models available in literature to model
the fluid displacement are not capable to access the full complexity of the downhole
conditions (Beldongar et al. 2018). In addition, the modeling approaches are diffi-
cult to validate if data from the subsurface is so sparse.
The installation of a gravel pack is another common operation in the well completion
phase. If the target reservoir horizon is located in a poorly consolidated formation,
fluid production triggers the erosion and production of sands and fines from the
subsurface. This affects the stability of the wellbore construction and it leads to
costly well interventions und clean-out operations of surface facilities (Edment et al.
2005). A typical sand control operation consists of a filtered casing interval (sand
control screen) which is either a stand-alone pipe or embedded into a gravel pack
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(granular filter media). A gravel pack installation is performed by pumped gravel
into the annulus after the production casing is installed into the well. The height
of the gravel pack is planned so that the height of the target reservoir horizon is
not exceeded and that no undesired fluid pathways to adjacent layers open. The
remaining well column is subsequently cemented or sealed with a packer so that the
zonal isolation of the reservoir horizon is ensured. The amount of gravel needed
to reach the planed setting height is obtained from the calculated annular volume.
For simple vertical wells (e.g. wells for thermal energy storage), where the reservoir
interval is only several hundred meters below surface, the gravel can be poured into
the annulus. In these cases, the gravel settles by gravitational forces. The placement
of a gravel pack can be controlled in practice by a wire-line γγ-density-tool. This
tool runs up and down inside the production casing during gravel pumping and it
measures the median density of casing, annular material and near-formation. The
replacement of drilling fluid by gravel leads to an increase in the density reading of
the γγ-density-tool.
In the oil and gas industry, wells are often highly deviated with long horizontal
reach. The reservoir section might easily extend over hundreds or thousands of me-
ters. For such completion operation, the gravel needs to be actively pumped into
the well. The sand control screens are first installed and packed off at the top. A
gauge is located at the gravel-pack-packer which enables communication between
the open hole reservoir section and the inner annulus. A downhole drill pipe is
installed to the gauge and gravel is pumped into the open hole. For completions
with a well deviation of 0 to 45 degrees, water might be used as the transport fluid
(Shryock 1980). At well deviations exceeding 45 degrees, more viscous transport
fluids are required. While the gravel accumulates in the annulus, the transport fluid
is reversed out through the screen and a secondary gauge with communication with
the annulus around the drill pipe. During such completion, no space is available for
contemporaneous wire-line logging. Pumping pressure data monitored at surface
are used to evaluate the gravel placement process. A distinction in the pressure plot
is made between an Alpha and Beta wave (Penberthy et al. 1996). The Alpha wave
is created from the gravel which migrates downwards to the bottom of the well.
Once the gravel reached the bottom, it starts to fill up from bottom to top. From
this point, the pressure increases more sharply with time (Beta wave). Operational
problems such as fluid loss into the formation, exceeding fracturing pressure, filter-
cake erosion and annular blockages are a challenge and difficult to detect with the
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Alpha/Beta technique (Parlar et al. 2016).
Over the recent years, downhole-gauge (DHG)-data analysis came up to further
improve the monitoring of the gravel packing completion. Downhole gauge data
typically includes point sensors for pressure and temperature. Together with the
pressure reading at surface, a better understanding of the injected material can
be achieved (Kumar et al. 2018). Wassouf et al. (2011) showed a case history of
Alpha/Beta-wave-packing in which the packing efficiency was questionable based on
surface data alone due to uncertainties in the hole size. DHG-data analysis demon-
strated that the well was completely packed. In the published cases which were
found in literature, pressure data gathered at discrete locations are the main pa-
rameter which is used to describe the fluid/gravel flow behavior and setting height.
In technical systems with a process fluid (such as the transport fluid during gravel
packing), controlling the physical parameters of the fluid is often essential. These
may be, for example, the temperature, pressure, density, chemical composition, flow
rate and/or viscosity of the fluid. These variables can be both spatial and temporal
dependent (for example along a pipeline). Detailed measurement variables are of
great benefit for optimal process control (Greenwood and Bamberger 2002).
1.1 State of the art
Different approaches to measure the fluid viscosity in well drilling and completion are
investigated. Mishra et al. (2014) developed a downhole viscosity sensor for wire-line
operations. It includes a miniaturized wire sensor which resonates after electromag-
netic excitation dependent on the viscosity of the surrounding fluid. That sensor is
able to resolve the viscosity at a downhole location in the ranges from 0.2 mPas to
300 mPas with uncertainties stated in the range of 10 %. The fact that this sensor
is a point measurement makes it inapplicable to obtain a full picture of a displace-
ment process in a well. Also, wire-line operation require heavy cables, specialized
equipment and large service crews, making the process logistically challenging and
expensive.
Another device for downhole viscosity measurements which operates autonomously
without wire-line connection is proposed by a tuning fork device (González et al.
2015). It includes a sensor ball the sizing of an American golf ball (42.7 mm) which
is dropped into the well at surface and which sinks downwards against any upward
flow in the well due to its higher density. The ball measures and logs frequency and
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damping in the fluid which is used to assess the viscosity and density. Once the
ball reaches target depth the inside timer triggers a magnetic release mechanism to
repulse a counter-weight magnet which leads to the ascending of the ball. The data
is then downloaded at surface with noted ranges up to 50 mPas (at 100 ◦C and 3000
psi).
There is a vast landscape of fiber optic based systems designed to monitor down-
hole parameter such as fluid flow. A fiber optic based system to monitor downhole
parameters with linearly arranged single sensors was patented by Baker Hughes Inc
(US 6588266B2 – 1997). The invention does not specify how a fiber optic cable is
landed in the well and the sensor types are not specified. Baker Hughes Inc fur-
ther patented an apparatus and method for sensing fluid flow in a bore hole (US
2002/0174728A1). In the aforementioned method, the vibration of a mechanical
spring within a flowing fluid is measured using fiber optic sensors. Depending on
the vibration frequency, a statement about the ”fluid flow rate” can be made. The
method claim that fluid flow gradients can be measured with that apparatus. This
is done by multiplexing a large number of sensors in series.
Halliburton Energy Services Inc patented a downhole monitoring device with dis-
tributed acoustic/vibration, strain and/or density sensing which is capable of track-
ing fluid movement along a wellbore (US20110088462A1 2009). The description of
the invention does not contain any specific technical instructions on how the fiber
is installed in the borehole and no instructions on how to derive parameters such as
density and viscosity.
There are cases presented in literature where bare fibers are wrapped around a sin-
gle casing pipe and protected with epoxy resin and glass clothes on site to study
casing damage with fiber optic FBG sensors (Zhou et al. 2010). In the presented
field installation, a control line with a rigid fiber optic cable connects the bare fiber
arrangement with the surface read-out unit. The study shows that it is possible to
install such a sensitive sensor arrangement in a well down to 830 m and that it can
monitor the stress/strain state of single casing pipe. Another approach is shown by
helically embedding the fiber into a casing component during manufacturing and
deploying it in the wellbore interval of interest (Earles et al. 2011). Compared to
traditional cable protection, these approaches have the advantage that the fiber is in
direct contact with the materials which are to be monitored and that the fiber can
be wrapped around a component in any desired way. Another publications shows
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that axial compression, buckling and shearing of a casing pipe can be measured
when wrapping a fiber helically along the outer diameter of the pipe (e.g Rambow
et al. 2010; Earles et al. 2011).
1.2 Problem statement and objective
As introduced before, the understanding and precise prediction of wellbore fluid and
solid displacements is of great interest for the industry. Prediction and assessment
of successful wellbore displacements is either gathered before carrying out an opera-
tion in form of models, laboratory experiments and experience or afterwards in form
of logging campaigns and hydraulic tests. This study has the aim to bridge the gap
of lacking information from the subsurface during well completion and to improve
the understanding of wellbore flow and annular fluid displacements. In order to
collect downhole data during the completion, a fiber optic cable was installed into
a well behind the casing in the annulus. With the help of distributed fiber optic
sensing technologies, real-time data from the subsurface can be monitored. It shall
be investigated whether fiber optic distributed strain sensing (DSS) is capable to
measure and quantify fluid or solid movement along the cable in the flow path of
the annulus. Depending on the type of the fluid (e.g. water, cement or a mixture of
these two fluids), the deformation of the cable should theoretically be different due
to different fluid drag forces during the pumping. Monitoring this strain parameter
could in return be used to estimate the fluid properties at a given depth at a given
time during the cementing operation. To reach this target, various laboratory ex-
periments need to be performed beforehand to obtain an extensive understanding of
the mechanical behavior of complex multi-layer fiber optic cables which are appli-
cable for downhole installations. If this research approach proves to be reasonable,
data from fiber optics can be directly used to assess the displacement in real-time.
This data source also helps to validate and calibrate the process understanding of
wellbore fluid (solid) displacements and increase the integrity and lifetime of a well.
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2 Fiber-optic distributed sensing
Applications of optical fibers in sensor technology are discussed in this chapter. It
will be explained how light scattering from an incident laser beam into a glass fiber
is used to determine the temperature and mechanical state (relative deformation)
at any location along a fiber optic line. The overall focus of this work lies on the
application of distributed strain sensing (DSS). As a preparation for the laboratory
and field measurements which are presented later in this work, data processing
routines needed to be implemented to optimize the data quality. These steps are
presented in the later part of this chapter.
2.1 Introduction to fiber-optic sensing
Since the 1980s, many studies have shown the potential of optical fibers as dis-
tributed sensors for temperature, strain and acoustic measurements. The measure-
ment interrogators are complex systems and their architecture will not be covered
in detail in this work. Generally, distributed fiber optic measurement devices can
be simplified to three main components (see figure 2.1). These include a laser light
source, an optical fiber and a detector coupled to a signal processing unit. Light
from the laser source is guided along the core of the fiber. As the light travels along
the fiber, a fraction of the light is continuously scattered as a consequence of the
interaction between the incident electromagnetic (EM) wave and molecules of the
medium (Masoudi and Newson 2016). A portion of this light is guided back towards
the measurement device where it is detected and processed to a digital signal. In
case of the backscattered light from a monochromatic light source, the Rayleigh
backscatter is an elastic scattering of the light with identical wavelength as the laser
source. The center peak is symmetrically enclosed by two pairs of peaks of lower
intensity - the Brillouin and Raman bands. The Raman bands are later introduced










Figure 2.1: The three basic components of distributed sensing with a schematic backscatter
spectrum. Figure modified from Carnahan et al. 1999
2.2 Optical time domain reflecometry (OTDR)
Apart from scientific interest, the motivation that led to the first fiber optic sensing
was first driven by the need to monitor fiber optic networks. In order to access
the quality of glass fiber itself as well as connectors and splices, it is necessary to
quantify how much of the optical budget was lost on its path. The first reported
measurement technique which enabled the analysis of the fiber attenuation as a
function of its length was achieved by optical time domain reflectometry (OTDR)
(Barnoski et al. 1977). An OTDR injects a series of optical pulses into a fiber and
detects the backscattered light at the same end of the fiber as a function of time.
A fraction of the light that travels along a fiber will be naturally scattered along its
path. Given the speed of light in the glass fiber, the physical origin of a light photon
from the fiber can be obtained. The refractive index n is defined as the ratio of the
speed of light in the vacuum c and the speed of light in the medium.
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Given the refractive index of a glass fiber, the speed of light in vacuum and the
two-way-travel-time t of a light pulse, a location l along the fiber can be calculated





Depending on the quality of optical connectors, splices and the fiber itself, the
intensity of the Rayleigh backscatter varies which is used to characterize the light
path. An example trace is given in figure 2.2.
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Figure 2.2: OTDR example trace
The OTDR device (MTS 6000) is located at the start l = 0 m with an optical
extension of 10 m. The device and splicing location show in the OTDR trace as
peaks. After that, an optical extension of 1000 m is connected to the device. Another
fiber with a length of 20 m is spliced to the optical extension, which is spliced to
another optical extension of 1000 m with an open end. Just like the peaks in the
beginning, the splice locations show as peaks in the OTDR trace. The splices shown
here in this example are bad because of a high peak intensity and a significant drop
of the backscattered light for the remaining fiber. Normally, splice location should
be barely visible and ideally without drop in backscatter power. Nevertheless, with
each connector and splice the power of the transmitted light decreases and hence
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the backscattered power decreases. Fiber loss generally decreases with increasing
wavelength in the range between 700− 1600 nm (Refi 1991). Because of that, the
OTDR trace at a laser wavelength of 840 nm shows a stronger attenuation than a
wavelength of 1313 nm.
2.3 Fiber bragg grating (FBG)
A milestone with fiber optic sensors was achieved with the development of Fiber
Bragg Gratings (FBG) (Hill and Meltz 1997). As communication systems progressed
to high-bit-rate, long-haul application, it became a task to compress or expand sig-
nals with nonuniform periodicity (Othonos and Kalli 1999). FBG make it possible
to filter, reflect and disperse any given wavelength to form optimal extinction be-
tween information channels. A FBG is formed by an artificial, periodic change of
the refractive index along an interval of a fiber core. The effective refractive index
neff is defined by the ratio of the fiber core and the artificially induced gratings. A
narrow band of the incident optical field within the fiber is reflected by successive,
coherent scattering from the index variation. The strongest interaction occurs at
the Bragg wavelength λB according to equation 2:
λB = 2neffΛ (2)
where Λ is the grating period. Each reflection from a crest in the index perturbation
is in phase with the next one at λB. A schematic illustration of the FBG principle
is shown in figure 2.3.
It was quickly recognized that FBG can be used as sensors for strain and temper-
ature variations. Strain sensitivity from λB origins from the change in Λ due to
deformation and from a change in neff due to the strain-optic effect (Bertholds and
Dandliker 1988). A Bragg wavelength change can also occur with temperature vari-
ation. Temperature sensitivity from λB origins from thermal expansion of the fiber
and hence a change in Λ and a change of neff arising from the thermo-optic effect
(Adamovsky et al. 2012).
The gauge length of FBG is limited to the grating length which is typically in the
range of a couple of centimeters (Liehr and Krebber 2012). The number of FBG
that are multiplexed in a single fiber depend on the capability of the FBG optical
interrogator. Published literature which uses FBG sensors typically uses a number
of 8 (Drusova et al. 2019) to 20 (Kreuzer 2006) FBG per fiber. FBG catch large
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attention due to their robustness, immunity to electromagnetic interference, flexi-
bility and high sensitivity. Compared to their electronic counterparts, FBG sensors
are typically two orders more expensive (Masoudi and Newson 2016).
λBλB λλλ












Figure 2.3: A sketch of FBG along an optical fiber. Figure modified from
Ramakrishnan et al. (2016)
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2.4 Distributed strain sensing (DSS)
Distributed strain sensing (DSS) describes the technology to use each location of a
glass fiber as a sensor for deformation. The length change ∆l of a fiber relative to





Standard silica fibers are usually proof tested to withstand elongations of 1 percent,
or 10000 µε (Draka 2010). The detection of strain is possible due to a number of
intrinsic properties of the fiber. For true distributed strain sensors, the most promi-
nent technology for DSS is based on Brillouin Optical Frequency Domain Analysis
(BOFDA) (Garus et al. 1997). Commercially available BOFDA systems provide a
strain accuracy of 2 µε at spatial resolution of 1 m up to 50 km. This technology
requires access from both ends of a fiber. For single ended fiber measurement, other
measurement principles can be used.
Similar to the functioning of FBG technology, there are DSS systems based on
Rayleigh backscatter capable of measuring full distributed strain profiles. Two ma-
terial properties of the fiber make this possible. Firstly, a mechanical stress acting on
a piece of a material results in deformation. In the previous chapter it was explained
that FBGs can be used to determine relative strain changes. Equation 2 implies that
a reflected wavelength is dependent on the grating period of a FBG. Changing the
grating period through stretching or compression of the glass fiber leads to a shift in
the reflected wavelength. This wavelength-strain dependent property of glass fibers
does not necessarily require FBG. Natural heterogeneity of molecules that make up
the glass fiber can be used as weak, randomly distributed FBG with arbitrary grat-
ing periods. Although being random, the signal is steady and repeatable. Therefore,
every fiber has a unique spectral fingerprint at a given temperature and mechanical
state. Changing the temperature or the stress state at any interval of a fiber will
lead to a linear shift in the spectral response of the backscattered light. Figure 2.4
shows an example of the frequency response of an arbitrary 0.5 m long fiber interval.
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Figure 2.4: Frequency response of a fiber interval. Top subplot: during static conditions.
Center subplot: with strain change. Bottom subplot: cross correlation
The upper subplot shows the frequency response at a stable temperature and
strain condition for two separate measurements. The first of these measurement is
referred to as the ”reference trace”, and the later as the ”measurement trace”. The
middle subplot shows the reference trace and another measurement trace at which
time the fiber experiences relative strain compared to the reference. While the
frequency content in the first subplot has noticeable similarity, a difference between
the frequencies of the second subplot is visible. The lower subplot shows the cross-
correlation between the reference trace and each of the measurement traces. In the
latter case, the frequency content has shifted towards lower frequencies. The offset
from zero is defined as the spectral shift ∆ν.
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where KT and Kε are the temperature and strain calibration constants: KT =
−0.801 ◦C/GHz, and Kε = −6.67 µε/GHz (Froggatt and Moore 1998). The cor-
relation between a change in temperature ∆T and ∆ν is caused by the thermal
coefficient of the refractive index and the thermal expansion coefficient of the fiber
(Priest et al. 1997). The correlation between a change in strain ∆ε and ∆ν is caused
by length changes of the fiber. These constants are valid for most fibers cores that
are doped with germanium. Such fibers are used in this study. Because of the cross
sensitivity of strain and temperature, an independent temperature measurement on
a separate fiber (e.g. with a Raman DTS system or a strain free fiber) is necessary
to filter out the temperature component.
The fiber optic interrogator used in this work is an optical backscatter reflectome-
ter (OBR 4400) based on the principle of Optical Frequency Domain Reflectometry
(OFDR). This technique has been described in detail in previous publications (e.g.
Moore 2011; Liehr 2015). The OBR system uses swept-wavelength interferometry
(SWI) which is based on homodyne interferometry (Soller et al. 2005). ”Homodyne”
means that a reference radiation is derived from the same optical source as the sig-
nal radiation before the modulating process. A sketch of the optical network of an














Figure 2.5: OBR4400 optical network. Graphic modified from Soller et al. (2005)
During measurements, light of a narrow-linewidth wavelength-tunable laser beam
is split so that a part of the light in guided into the measurement fiber and another
part guided into a fiber reference arm inside the optical interrogator. The backscat-
tered light from both fiber arms is then mixed and split into two polarization states
(P- and S- polarization) and send to the detector. The interference pattern is de-
tected as the laser is tuned and processed with a high speed analog to digital con-
verter (ADC). This way, the measurement fiber is described by its frequency domain
linear transfer function H(f) which contains information about the amplitude ρ(f)
and phase Φ(f). The transfer function is defined as
H(f) = ρ(f) · eiΦ(f) (5)
A Fourier transformation is applied to translate H(f) into the time-domain h(z).
Raw data files of the OBR interrogator are stored in the time-domain. Fast Fourier
Transformations (FFT) and Inverse Fast Fourier Transformations (IFFT) are used
to compute the Discrete Fourier Transformation (DFT) and the Inverse Discrete
Fourier Transformation (IDFT). FFT and IFFT are algorithms which are able to
perform transformations from time to frequency space with very little computational
power. Cortes et al. (2012) provide a full mathematical description. FFT and IFFT
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algorithms are used here to obtain the frequency content along intervals of the fiber
(as shown in the first and second subplot of figure 2.4).
In order to compare the frequency content of a window of one measurement trace
to the same window at another measurement trace, a cross-correlation (also called
cross-covariance) algorithm is used (third subplot in figure 2.4). This algorithm
measures the similarity of two series (in this case two frequency patterns) as a func-
tion of the displacement of one series relative to the other. The cross correlation
reaches the highest value where both series have the highest overlap. Lyon (2010)
provides a full mathematical description on the cross-correlation of frequency series.
The OBR 4400 unit has two options with respect to the maximum fiber sensing
length. In normal range mode, the maximum fiber length is 70 m, with a 2-point
spatial resolution of 20 µm. One data point consists of a complex number for am-
plitude and phase. In order to perform a spectral shift calculation, an interval along
a fiber with many data points is needed. For a spatial resolution of 2 cm, 100 data
points are required (100 times 20 µm). In the extended range mode, the maximum
fiber length is 2000 m, with a 2-point spatial resolution of 3 mm (see table 2.1).
Field measurements later presented in this work are exclusively obtained with the
extended range mode. Laboratory experiments are mostly performed in the normal
range mode due to the higher wave length range of the laser. The wavelength range
can be set to a value of 21.17 nm, 10.51 nm or 5.24 nm for the normal range mode,
and a range of 0.5 nm for the extended range mode. In cases where the extended
range mode was used, it is noted in the measurement procedure. With increas-
ing wavelength range, data size becomes higher and the maximal sampling rate
decreases. The wavelength range also defines the maximum temperature and/or
strain change can be detected by the cross correlation algorithm. If the spectral
shift between the reference trace and measurement trace reaches the fringe of a
cross correlation window (e.g. third subplot in figure 2.4), the spectral shift cannot
be measured. The reference trace has to be adapted to overcome this limitation.
The spectral shift values are then added to the spectral shift in between the initial
reference trace and the adapted reference trace.
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Table 2.1: Specification of the OBR 4400 from LUNA Technologies
Parameter Specification Units
maximum device length:
normal Mode 70 m
extended Mode 2000 m
spatial resolution (two-point) 10 µm over 30 m
20 µm over 70 m
3 mm over 2000 m
wavelength scan range:
normal Mode 5.24 nm
645 GHz
extended Mode 0.5 nm
60 GHz
wavelength resolution 0.02 pm
wavelength accuracy ± 1.5 pm
distributed sensing:
spatial resolution ± 2 cm
data segment size 1.0 (min) mm
data segment size 10.0 (max) mm
temperature resolution ± 0.1 ◦C
temperature accuracy ± 0.2 ◦C
strain accuracy 1 µε
2.5 DSS data processing
The OBR control software includes a graphical user interface (GUI) from which all
controls, options and measurement results are accessible. The software processed
the raw data and displays the final result in the GUI. Figure 2.4 shows the frequency
content over a window length W of 0.5 m. In the OBR control software, this window
length is limited to values between 1 - 10 cm. Early experiments with the OBR in-
terrogator have shown, that the noise level in the spectral shift calculation increases
with fiber length. In addition, the spectral shift calculation becomes noisier with
shorter window length. The software does not include an option to evaluate longer
window length W of e.g. 0.5 m - 1 m.
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A physical limitation of the OFDR technology is stated in literature. The cross
correlation approach of OFDR traces only works in a limited strain range (Masoudi
and Newson 2016). The reason is that the frequency pattern depends on the spatial
distribution of inhomogeneities in the sensing fiber. Deforming a fiber does not only
shift the position of the inhomogeneity, but also results in a redistribution of them.
Since the cross correlation analysis of the data requires relatively uniform data, a
redistribution of inhomogeneities create a new frequency pattern which cannot be
correlate to the initial trace.
Luna Technologies kindly released the binary file format definition for the OBR
4400 system. Each binary file of an OBR trace starts with a header containing
information about the measurement type and a time stamp. After that, the main
file body follows with four separate arrays with the measurement data (FLOAT64
- 8 bytes per point, stored in Little Endian). The raw data files of the OBR 4400
are stored in the time domain h(t) (after the IFFT was performed). Four arrays
are stored for each measurement trace. The complex response of two orthogonal
polarization states (P and S) are stored with values for amplitude and phase. Each
array contains 1.05 million data points. The time increment between data points is
0.02 ns. Using equation 1, the time increment corresponds to a distance of 1.82 mm
along the fiber. A complex value is saved for P- and S- polarization for every
1.82 mm. To calculate strain or temperature changes, another trace is needed. For
now it is assumed that the temperature and strain state of a FUT (fiber under test)
is known at a given time t=0. The OBR measurement at time t=0 is defined as
the reference trace. A second measurement is performed at some later time with
changing temperature and or strain conditions somewhere along the fiber. The first
step which is necessary to handle the data is to define start and end location of
the raw data array which is of interest. The OBR system always saves data points
for the entire 2 km for fiber length by default, independent of how long the FUT
actually is. There are always redundant values being stored from locations after the
end reflection of the measurement fiber. Picking the correct data envelope can be
done by calculating the total fiber length, because the 2-point spatial resolution is
known, and therefore the number of relevant data points is also known. Apart from
that, one of the raw arrays (e.g. P-polarization amplitude) can be plotted and the
end point can be picked manually. Since the data is in the time-domain, the profile
shows an OTDR-like trace with an end reflection. Figure 2.6 depicts raw amplitude
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data for an OBR trace. The end point is visible at time = 10550 ns. Data behind
that point can be neglected.
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Figure 2.6: Raw OBR4400 amplitude data
In order to obtain values for strain or temperature changes according to spectral
shift (equation 4) as a function of distance along the fiber, the raw data is segmented
into windows W (see figure 2.7). The window size and total number of bins have to
be defined. The example trace consists of 568000 data points. Applying equation
1, the fiber end point is at a distance of 1158.9 m, given a refractive index n = 1.46
and a time increment of two points of 0.02 ns. A window size of 0.5 m corresponds
to 249 data points. A total number of 4532 bins is necessary to subdivide the OBR
trace in bins with a width of 0.5 m and a bin overlap of 50 % (see table 2.2). For
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Figure 2.7: Schematic functioning of the DSS profile calculation from raw OBR 4400 data
Table 2.2: Input parameter for spectral shift calculation with the in-house script










2.5.1 Window size optimization
A number of repeated measurements were performed in the laboratory on a fiber
which did not experience any change in temperature or strain over time. The aim
was to test the repeatability between results of successive measurements under the
same measurement conditions. Especially in the extended range mode, it was found,
that the spectral shift calculation becomes noisy with increasing fiber length. The
noise can be reduced in the OBR control software by increasing the window length
W of spectral shift calculations. But because W is limited to a size of 10 cm in
the software, a computer algorithm was developed to overcome this limitation. The
programming language used for this purpose is Python (van Rossum 1995). Figure
2.8 shows a data processing example generated with the Python algorithm. The
data was recorded with a fiber with a length of approximately 780 m.












DSS profile - 249 DP (0.5 m)
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Figure 2.8: Sensitivity analysis of OBR4400 window sizes. Top: DSS profile with W =
0.5 m. Bottom: standard deviation for different window lengths
The top subplot shows a spectral shift profile generated with a window size of
499 data points, which corresponds to a fiber length of 0.5 m. The profile shows
some scatter locations in the first 100 m of the fiber length. This is partly due to
fiber optic connectors with high reflectivity. At these locations, the spectral shift
calculation often fails to generate reliable spectral shift values. From 100 - 550 m,
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the spectral shift remains at the base level with very little noise. After that, the
signal becomes noisier with length. The lower subplot shows a comparison between
different window lengths W and the resulting noise. To quantify the noise level,
the standard deviation of spectral shift values over a fiber length was calculated
in intervals of 20 m. It can be seen that the noise decreases with increasing W.
Increasing W from 0.5 m to 1.0 m shifts the onset of the noise from 560 m to 680 m.
The onset of noise matches the location of a splice. This indicates that the noise is
probably related to a decrease in the optical budget over fiber length.
Increasing the window width is a suitable procedure to reduce noise in the data set.
This increases the data quality in terms of strain and temperature from spectral
shift calculations. The integration width of the OBR control software is not suited
for bore hole applications. It will be shown in a later part of this study that strain
measurements with fibers in complex multi-layer downhole cable spreads to nearby
location (see chapter 4). This makes it irrelevant to acquire strain data in the cen-
timeter scale. Also, a precise correlation between the physical length inside the bore
hole and the optical path on a sub-meter scale cannot be achieved. In this work,
a spatial strain resolution of 0.5 m is defined as a suitable window length for bore
hole applications.
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2.5.2 Real-time monitoring routine
The OBR 4400 system is not designed to perform continuous logging campaigns of
a fiber under test. Although the OBR system possesses a modus for continuous
logging, it is only designed to give a live update about the current running measure-
ment. No parallel data storage is possible. Additionally, the temporal resolution of
successive measurements is fixed and cannot be changed. AutoIt v3 is a freeware
BASIC-like scripting language designed for automating the Windows GUI and gen-
eral scripting. It is used to write a routine for continuous logging with the OBR
4400. To set the interrogator up for a permanent logging campaign, OBR software
is used for the program for system alignment, wavelength calibration and measure-
ment of a reference trace. Once the steps are done, the script is initiated. The
following example shows the raw code which was developed and used to perform
long term measurements in the laboratory and in the field (see table 8.1). In the
extended range mode, the maximum temporal resolution is 25 s when only perform-
ing measurements and exporting the raw binary file output. In the shown example,
the script additionally post-processes the data and calculates profiles from the raw
data and exports ascii-tables together with the raw input into the output folder.
By doing that, real time evaluation of the data is possible. This requires time and
reduces the maximal temporal resolution significantly. In the programs setting it
can be chosen what output should be saved on the hard drive. The post processing
can be done after the logging campaign as well, if live data is not required.
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2.6 Distributed temperature sensing (DTS)
The term distributed temperature sensing (DTS) describes the technology of using
each location of a glass fiber as a sensor for temperature. The DTS used in this work
makes use of the inelastic Raman backscatter. This scattering phenomena is formed
by the interaction of the light with temperature dependent transversal oscillations
of the glass molecules (Bücker and Grosswig 2017). The Raman backscatter consists
of two peaks, the Stokes and Anti-Stokes-Peak. While the intensity of the Stokes
band Is is nearly unaffected by temperature variation, the intensity of the Anti-
Stokes band Ia changes strongly depending on the temperature (Hartog 1983). By
calculating the ratio of the two peaks, a direct translation to absolute temperature










where ν0 is the wave number of the incident light, νk the amount of wave number
shift, h the Plank constant, c the speed of light in the optical fiber, k the Boltz-
mann’s constant and T the temperature.
The following example shows two DTS traces recorded from a borehole during dif-
ferent temperature conditions (see figure 2.9). Next to the temperature profiles, the
associated raw Stokes and Anti-Stokes traces are shown. While the Stokes signal is
equal at both measurement times, the intensity of the Anti-stokes increases due to
higher temperatures in the wellbore. The resulting temperature is calculated from
the ratio of the two signals. The upper subplot shows relative cold temperatures
during fluid injection and the lower subplot relative hot temperatures during cement
hydration.
The first generation of Raman DTS systems had a measurement accuracy of 1 ◦C
with a spatial resolution of 1 m over a maximum sensing length of 100 m (Har-
tog 1983). Nowadays, commercially available DTS units can reliably perform dis-
tributed measurements over a range of 12 km, with a spatial resolution of 0.5 m and
a temperature accuracy of ±1 ◦C (Schlumberger 2017). For relative temperature
changes, a temperature resolution of ±0.05 K is possible under optimum conditions
with low thermal variations and long integration times (Bücker and Grosswig 2017).
In borehole applications, the first fiber optic installation for DTS was performed by
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clamping a cable to an injection tubing of a 40 m deep well (Hurtig 1994). DTS data
from hot and cold water injection was used to determine the location of permeable
zones (fractures) and showed the propagation of the injected fluids. DTS was fur-
ther applied to study thermal properties of the lithologies in a borehole (e.g. Förster
et al. 1997; Henninges 2005) and to monitor reservoir temperatures (Carnahan et al.
1999). The performance of a bore-hole heat exchanger (BHA) was monitored with
DTS to evaluate the heat input along the wellbore and measure the regeneration
time after a heat extraction period (Storch et al. 2010). Moreover, DTS data was
used to perform cement job evaluations and wellbore integrity analysis during and
after production tests (e.g. Reinsch 2012; Bücker and Grosswig 2017). This is possi-
ble because of the exothermic process from the hydration during cement hardening.





























































Figure 2.9: Raw DTS example trace
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Wellbore completion monitoring using fiber optic distributed strain sensing
3 Bare fiber calibration (Experiment A)
Various questions were addressed regarding the applicability of the OBR 4400 inter-
rogator before utilizing it in a longer monitoring campaign. This experiment intends
to verify whether temperature and strain can be untangled with high accuracy. Fur-
thermore, this experiment is used to test the real-time monitoring routine developed
for this study (chapter 2.5.2) and to compare strain and temperature data which
were calculated with the interrogator software and the in-house Python script. An
experiment was designed to resolve all these tasks.
3.1 Experimental Setup (A)
A bare fiber was placed in an oven in the laboratory and heated up in steps up to
a temperature of 90 ◦C. Along the fiber optic line, the fiber was wrapped around
cylinders consisting of different materials with greater thermal expansion coefficients






Figure 3.1: Experimental setup with wrapped optical fiber around cylinders of different
materials
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The thermal expansion coefficient describes how the size of an object changes
with temperature. In a general case of a solid, the volumetric coefficient of thermal










The subscript p indicates constant pressure during the expansion. The fiber was
partly only heated, and partly heated and stretched along the cylinders. A temper-
ature calibration of the fiber was possible at the locations where the fiber was lying
freely inside on the ovens surface. A strain calibration was created by taking the
spectral shift from the cylinder locations and subtracting the spectral shift from the
respective bare lying fiber which only experiences temperature change. Independent
of the experimental measurement, the strain was calculated analytically. This was
done by calculating the thermal expansion of the materials with increasing temper-
ature.
A standard silica single-mode fiber with acrylate coating with a length of 30 m was
placed in an oven. The fiber was fed through an inlet of the oven and connected to
the interrogation unit. The first 5 m of fiber in the oven were laid out on the ovens
surface without any fixation. The following 3.1 m were wrapped around a stainless
steel cylinder with a diameter of 10 cm and a height of 10 cm. The fiber was coiled
up with a force of 300 mN to ensure a tight fit and pretension. The fiber was then
glued in place with Cyan-acrylat on both ends of the cylinder. The following 2 m
of fiber were lying on the floor in the oven without fixation. After that, the fiber
was wrapped around a second cylinder which consists of aluminum. 10 layers were
wrapped around the cylinder with a total fiber length of 3.1 m. Another 2 m of bare
fiber was placed on the bottom of the oven. Then, the fiber was mounted to a third
cylinder which consists of Polyether-ether-ketone (PEEK). After the third cylinder,
another 5 m of unmounted fiber were placed on the surface inside of the oven. The
physical parameters of the cylinders can be found in table 3.1. The experiment was
conducted in a time window of 55 hours. During this time, 1096 OBR measure-
ments were taken. A minimum of 7 hours passed for each temperature plateau to
ensure that the system was in thermal equilibrium. The temperature inside the oven
was constantly monitored with a high precision thermometer of Automatic Systems
Laboratories (ASL). Temperature data was sampled in intervals of 5 seconds. The
OBR measurements were sampled in steps of 180 seconds in the normal range mode.
The center wavelength of the tunable laser source was set to 1561 nm with a scan
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range of 5 nm, so the sweeping range is 1558 nm - 1563 nm. The window length W
over which the cross correlation was done is 10 cm with a bin overlap of 50 %.
Table 3.1: Cylinder dimensions and material thermal expansion coefficient αV . Material
thermal expansions are cited references: 1 (Deutsche Edelstahlwerke GmbH 2007), 2 (Batz
und Burgel 2014), 3 (König GmbH 2015)
Steel 1 Aluminum 2 PEEK 3
height (cm) 10 10 20
diameter (cm) 10 10 10
αV (µε K
−1) 10.4 - 11.2 22.4 - 24.3 47.0 - 53.0
3.2 Results (A)
Figure 3.2 shows the spectral shift at fixed positions along the fiber over time for
the duration of the experiment. The reference trace was obtained during ambient
temperature conditions in the oven. With increasing temperature, the measured
frequencies decrease. The interval of the fiber which only experiences a change in
temperature shows the smallest change in spectral shift with respect to the reference
trace. The fiber intervals at the cylinder locations show increased change in spectral
shift. The spectral shift readings scatter at elevated temperatures for the location
of the aluminum and PEEK cylinder.



















Figure 3.2: Experimental results of cylinder thermal expansion test with a static reference
trace
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Figure 3.3 shows the same data set but with adjusted reference traces. The
reference trace was adjusted at the end of each temperature plateau and the spectral
shift values were added to obtain the total spectral shift with respect to the first
reference trace at ambient temperature conditions in the oven. The first subplot
shows distributed profiles of spectral shift over the length of the fiber for three
different temperatures. Outside the oven, only a minor spectral shift is visible due
to small temperature changes in the laboratory. The three cylinders of different
materials are found as spectral shift plateaus with different levels. Between the
cylinders, the fiber was lying freely on the ovens shelf, which results in a constant
offset in spectral shift. The second subplot shows spectral shift readings at fixed
locations on the fiber as a function of time. The spectral shift values are integrated
over a fiber length of 10 cm (717 data points). As can be seen, the graphs for bare
fiber, steel, aluminum and PEEK diverge with increasing temperature. The third
and fourth subplot display the spectral shift as a function of temperature and the
spectral shift as a function of strain, respectively. Both plots show a high linearity for
the measured ranges of ∆T = 67 ◦C and ∆ε = 3300 µε. The uncertainty for strain
correlation is mainly due to the uncertainty from the thermal expansion coefficient
of the materials. The error from the optical strain measuring device is a factor 10
lower than the uncertainty from the thermal expansion coefficient of the materials.
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∆T = (-0.68 ◦C/GHz) ∆ν
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4
Figure 3.3: Experimental results of cylinder thermal expansion test. 1) spectral shift
profiles at different temperatures 2) spectral shift at fixed locations over time 3) correlation
of temperatures with spectral shift 4) correlation of strain with spectral shift
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3.3 Discussion (A)
The temperature and strain component of the signal were separated and could be
analyzed individually. Both parameters show a high linearity for the investigated
ranges of ∆T = 67 ◦C and ∆ε = 3300 µε. Due to the change in reference traces and
addition of relative spectral shift changes, the measurement error σ∆ν increases.
For this experimental run, the reference trace was changed three times to resolve










With a measurement error of σ∆νx = 0.23 GHz, the total measurement error results
in σ∆νtotal = 0.46 GHz. According to equation 4 (in chapter 2.4), the swapping in
reference trace results in an error for strain of σmeasurement = 3 µε. Compared to that,
the technical data sheet for the PEEK material states the linear thermal expansion
coefficient at αV = 47.0 - 53.0 µε/
◦C (see table 3.1). At a temperature change of ∆T
= 67 ◦C, the uncertainty in the analytical calculation becomes σanalytical = 165 µε.
The latter uncertainty value is 55 times higher compared to the uncertainty from
the measurement. Therefore, reference swapping is regarded applicable for this ex-
periment.
The temperature and strain calibration constants reported in literature are KT =
−0.801 ◦C/GHz and Kε = −6.67 µε/GHz (see equation 4 in chapter 2.4). The ob-
tained calibration constants for the FUT from this cylinder experiment (CE) are
KT,CE = −0.68 ◦C/GHz and Kε,CE = −6.71 µε/GHz. While the deviation of the
strain calibration constants from experiment to literature is less than 0.5 %, the
temperature calibration constant is 15 % higher in this experiment compared to
values stated in literature. In the literature, the temperature calibration constant
is obtained from heating of a germanosilicate core fiber for pure fibers without any
coating material. The thermal expansion coefficient for pure silica is 0.5 µε/◦C (Roy
et al. 1989). Germanium dopants in the fiber increase the thermal expansion coef-
ficient by a factor 10 to a value of 4.37 µε/◦C (Donko et al. 2017). The fiber used
in this experiment is additionally coated in acrylate, which has a thermal expan-
sion coefficient of αV = 75 µε/
◦C. A possible explanation is that during heating,
this material expands more than the fiber core, which induces additional strain and
36
consequently an additional spectral shift. Consequently, less change in temperature
is required to generate one unit of spectral shift.
Keeping the reference trace static at higher spectral shifts increases the noise level for
individual measurements (see figure 3.2). At spectral shifts of about 150 - 200 GHz,
the cross-correlation between measurement and reference starts to become noisy.
Above a spectral shift of 250 GHz, the cross-correlation is impossible. Expressed
in temperature variation, a spectral shift of −200 GHz is equal to a temperature
change of ∆T = 136 ◦C. For strain variation, the maximal detectable value is about
1300 µε at a maximum spectral shift of ∆ν = −200 GHz. For measurements with
higher temperature and strain changes, it is required to change the reference trace.
This limitation holds for a mixed signal of both strain and temperature variation too.
This experiment was performed in the normal range measurement length, mean-
ing that the maximum fiber length is limited to 70 m and the laser scan range is
5.24 nm, or 645 GHz. For the extended range mode up to 2 km, the laser scan range
is reduced to 0.5 nm, or 60 GHz. This reduces the maximum spectral shift value that
can be resolved with a single reference trace by a factor 10. For measurements in
the extended range, the reference must be swapped at temperature changes greater
than 13.6 ◦C or a relative strain greater than 130 µε.
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3.4 Conclusions (A)
The developed routines for long time monitoring campaigns (chapter 2.5 - 2.5.2)
were successfully tested with this experimental run. The cross sensitivity of tem-
perature and strain was accessed with an experiment for the DSS interrogator OBR
4400. After separation of temperature and strain, the obtained strain calibration
constant was found to be in accordance with literature values (Froggatt and Moore
1998). Over a temperature range of ∆T = 67 ◦C, a linear increase in spectral shift
with strain is shown to a fiber elongation of ∆ε = 3300 µε. The experiment further
revealed that a fiber calibration is required to obtain the temperature calibration
constant. Depending on the thermal expansion coefficient of the coating material,
the fiber experiences additional strain which increases the spectral shift with tem-
perature. Due to the nature of the measuring principle, the reference traces have to
be changed when the unit is applied in an environment where greater temperature
and strain changes can be expected.
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4 Strain in multilayer cable (Experiment B)
The previous chapter shows an approach to translate the measured spectral shift
∆ν to physical strain that is experienced by the fiber. In the presented experiment,
thorough mechanical coupling of the fiber with the cylindrical objects was given.
As the material cylinder expands due to heating, the fiber directly experienced the
elongation over the mounted interval. When it comes to field installations (e.g. in a
bore hole), it is not practicable to install a bare fragile fiber without any protection
from the hostile environment.
This work focuses on the application of fiber optic cables. The most common way
to protect fibers is by embedding them into a rigid cable which usually consists
of numerous layers of different materials. Depending on the field of applications,
the protective layers can vary in material type, thickness and spatial arrangement.
When protecting a glass fiber with a cable, the strain translation from an outside
force translates differently depending on the materials used as a sheath. These lay-
ers reduce the strain response of the fiber to external mechanical perturbations. To
quantify how mechanical load change on the outside of a cable translates to the
inside fiber, an experiment as well as an analytical approach is applied. Results
from strain experiments on two different cable types are presented here (see figure
4.1). These cables are later used during experiments and field applications. The
first cable consists of numerous fibers embedded in a gel and protected by a stainless
steel tube, bronze wires and polyethylene. Such a cable design is referred to as fiber-
in-metal-tube (FIMT). The field data from wellbore installation later presented in
this thesis in ATES Berlin (Gt BChb 1/2015) was measured with this cable type. It
is a cable which is not designed to pick up strain. The second cable type is a cable
consisting of a single fiber with a less complex sheath. It is a cable that is specially
designed to measure strain in which all material layers are rigid. Such a cable design
is referred to as a tight-buffer cable. The strain response of the two tested cables
is then compared a strain data of a bare silica fiber with acrylate coating. The
tested fiber optic cables and the bare fiber have operating temperature limitations
of 90 ◦C.
In addition to the two tested cables and the bare fiber, a third cable type is stud-
ied for its strain response. This third cable is handled separately because it is a
high temperature fiber optic cable (up to 300 ◦C) which is not capable to measure
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strain below a certain temperature. Fiber optic cables for high temperature ap-
plications require a FIMT design but do not allow a gel filling because of the gel
temperature limitations. Therefore the fibers are not mechanically bonded to the
sheath and can move freely. The cable contains two fibers (one single-mode and one
multi-mode) which are coated with a carbon polyimide material. The cable mantle
consists of two steel tubes. The inner is made of stainless-steel 304 and the outer
from stainless-steel Incoloy 825.
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Figure 4.1: Cross sections through fiber optic cables
Overstuffing or total excess fiber length of a cable (EFL) describes the additional
length of fiber with respect to the centerline of the loose tube of the cable. Because
steel has a higher thermal expansion coefficient than fiber, additional fiber is located
in the cable during manufacturing, usually in the range of a couple of millimeters per
meter (Olkkonen and Nykänen 1999). This additional length ensures that the fiber
does not experience mechanical strain, induced by the expanding steel at elevated
temperatures. It is expected that a transition will be observed from the fiber which
is only heated and the fiber which is heated and strained by the metal mantle at
higher temperatures. At the transition temperature Tt, the length of the fiber lf,t is
equal to the length of the cable sheath ls,t. Taking the thermal expansion coefficient
of the cable sheath from the manufacturer data sheet αs and the thermal expansion
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coefficient for fused silica αf from literature (Priest et al. 1997), the over-stuffing can
be calculated analytically. Assuming the cable got manufactured at a temperature
of 20 ◦C, the overstuffing is:
lf,t = ls,t
lf,20◦C + αf · lf,20◦C ·∆Tt = ls,20◦C + αs · ls,20◦C ·∆Tt
lf,20◦C =
(αs ·∆Tt + 1)






(αs ·∆Tt + 1)
(αf ·∆Tt + 1)
(9)
with
∆Tt = Tt − 20◦C, αfiber = 0.4µε/◦C, αsheath = 17.3µε/◦C
Below the over-stuffing temperature (T ≤ Tt), the spectral shift to temperature
correlation is caused by the equation already presented in chapter 2.4 in equation 4.
For temperatures above the over-stuffing temperature (T > Tt), the spectral shift
induced by cable expansion αs has to be included in the calculation for temperature
correlation. Combining both temperature and strain above the transition tempera-













◦C, αs = 17.3µε/
◦C,





in equation 10 account for the heating and expansion of
the fiber (see equation 4). These two terms are independent of the cable material.
The center term is new and it corrects for the thermal expansion due to the steel
expansion coefficient of the cable sheath.
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4.1 Theoretical Approach (B)
A part of the following section was originally published as Lipus M., Reinsch T.,
Schmidt-Hattenberger C., Henninges J., Reich M., Gravel pack monitoring with a
strain sensing fiber optic cable, OIL GAS EUROPEAN MAGAZINE 4, 2018. The
published parts include the analytical approach and analysis on the stiff cable type
F3 (BLK-NKT9.1 nkt cable).
A concept to estimate fiber optic coupling analytically is by calculating the me-
chanical stiffness of each cable component individually and adding up the values to
a cable specific stiffness (Reinsch and Thurley 2017). Special attention is given to
the viscous gel filling layer between the fiber and steel tube for the first cable type.
Such a thixotropic fluid is used to protect the optical fibers during movement of the
cable (Khan et al. 1991). Typically, gels are designed to have a yield point of 35 Pa
- 140 Pa depending on the application (Evonik Industries 2015). Stresses below
the yield strength result in elastic deformation. For the solid layers, the stiffness
k of each component is defined as the product of its cross sectional area A and its








The Young’s modulus was first introduced in Hooke’s law (Hooke 1678) and it
describes the force needed to generate a certain strain of a material:
σ = εE
where σ is the stress and ε the strain. With respect to the stiffness k, the stress σ








Abbreviations are used in the following chapters for the cable types and the bare
fiber which were tested in the experiment (see table 4.1).
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Table 4.1: Abbreviations for fiber optic cable names
Abbreviation Fiber/cable name
F1 silica fiber with acrylate coating
F2 Brugg strain sens v04
F3 BLK-NKT9.1 nkt cable
4.2 Experimental Setup (B)
An interval of the downhole cable was mounted vertically in a temperature stable
laboratory (figure 4.2). In order to approximate the conditions that would occur at
the bottom of a shallow well with 230 m depth, a fiber optic extension of 190 m was
connected in between the OBR system and the down-hole cable sample. The cable
was mechanically clamped with a vice to keep it fixated in place. In a distance of
1 m below the clamping point, an aluminum table was clamped to the cable (that
distance is 2 m for cable F2). Pretension was applied to the cable by hanging a
mass of 2 kg below the weight holder. This ensured a straightened positioning of
the rigid cable to mimic the field installation.
DAQ




















Weight holder during weight placement
Figure 4.2: Sketch of experimental setup for strain calibration (left). Picture of experiment
with cable F2 during mass loading on the aluminum weight holder (right)
43
After measuring a baseline/reference trace, the weight on the aluminum table
was successively increased (see table 8.2 in the appendix). After each weight in-
crease, one measurement was taken directly, a second measurement after 5 min and
a third measurement after 10 min. The weights were subsequently removed one after
another. During weight removal, measurements were taken as well. For comparison,
one additional run was performed with cable F3. Measurements were performed in
extended range mode. The spectral shift data was processed over window length of
10 cm with a bin overlap of 80 %. The measured spectral shift between the clamping
locations was translated to strain according to equation 4. DTS measurements were
taken simultaneously, to correct for temperature.
A linear regression model is fitted to each experimental run using numpy.polyfit
in Python. The R2 value (or coefficient of determination) is computed for the linear
regression as a statistical measure of how close the data are to that regression line
(Lewis-Beck et al. 2004). A data set of n values marked y1,...,yn each associated
with a modeled value f1,...,fn. The difference between these measured and modeled









The R2 value is always between 0 and 1, where 0 means no fit and 1 means all
measured data points are on the regression line.
High temperature cable experiment
The high temperature cable was tested up to 240 ◦C in an oven in the laboratory
to measure fiber optic data from DTS and DSS (cable on the right in figure 4.1).
A total length of 20 m of cable sample was coiled up to a diameter of 40 cm and
placed in the oven. At both ends of the cable, the fiber was glued to the metal cable
sheath. Both ends were placed outside of the oven.
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Table 4.2: Design of the fiber optic cable F3. Typical young’s moduli (E) are cited
references: 1(Kuchling 2011), 2(Evonik Industries 2015), 3(Cardarelli 2008)
Material Units ID OD Area A E k Share
mm mm mm2 kN/mm2 kN %
glass fiber 5 - 0.13 0.06 60 1 18 3.1
gel - 0.63 1.80 2.53 1e-07 2 3e-07 0.0
stainless steel 1 1.80 2.00 0.60 210 ± 10 3 125 21.0
bronze wires 12 - 0.65 3.98 110 ± 5 3 438 73.4
LDPE* 1 3.30 5.50 15.21 1 ± 0.84 3 15 2.5
*low density polyethylene
∑
k = 597 ± 36
4.3 Results (B)
Cable F3
The analytical solution for the cable cumulative stiffness k with the given cable
design (see table 4.2) results in a value of k = 597 ± 36 kN. The bronze wires
and the stainless steel provide 94.4 % to the cumulative stiffness of the cable. The
remaining 5.6 % of the cable stiffness result from the glass fibers and the LDPE
mantle.
Figure 4.3 shows examples of distributed strain readings as a function of the location
along the cable. The measured strain shows a temporal variation after each weight
placement. After starting with relatively high values just after weight placement,
the strain reduces within the next 5− 10 min. It was observed, that after 10 min the
strain profile remains constant. The measured strain is not only confined over the
cable interval between the top clamp and the weight holder. Especially at greater
weights (e.g. 300 g), a clear strain is measured below the weight holder. Also above
the top clamp, a small strain increase is observed. After weight removal (0 g),
the strain profile does not return to its initial reference state. The strain profile in
vicinity of the top clamp shows an apparent compression of the cable while in vicinity
of the weight table a tensional signal remains. Both the remaining compression and
tensions cancels out when integrating over the strained interval. The distributed
strain profiles for all other weight steps can be found in the appendix (see figure A1
and figure A2).
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0g (removal), time=0 min
0g (removal), time=5 min
0g (removal), time=10 min
no weight
Figure 4.3: Example of DSS profiles. (1): Top clamp (2): Weight holder
A summary of all strain measurements from two individual experimental runs are
shown in figure 4.4 together with the analytical calculation. The investigated strain
range is up to 5 µε (equivalent to a length change of 5 · 10−6/m). The measured
spectral shift values follow the general trend of the analytical solution. The strain
measurements right after the weight placement show a relative high negative spectral
shift (∆ν) which becomes less pronounced with time. During weight reduction, the
spectral shift measurements shows a lower drift over time and less scatter at each
weight step. This is also indicated by the coefficient of determination (R2) which is
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0.99 during weight reduction and 0.78 during weight increase in Run A. Moreover,
a hysteresis is observed when returning to the no weight condition. The second
experimental run (Run B) shows a higher deviation from measured values to the
analytical solution during weight increase.

















weight increase, R2 = 0.78
weight decrease, R2 = 0.99
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weight increase, R2 =0.63
weight decrease, R2 =0.75
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Figure 4.4: Spectral shift readings over load cycles for rigid cable F3
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Table 4.3: Design of cable F2. Material specifications are not available for the multi-buffer
layer and the polyamide sheath. k-Value is calculated with ranges for these two materials.
Typical young’s moduli (E) are cited references: 1(Kuchling 2011),2(Kern GmbH 2017)
Material ID OD Area A E (low/high) k Share
mm mm mm2 kN/mm2 kN %
glass fiber - 0.13 0.01 60 1 0.7 1.4
multi buffer layer 0.13 0.25 0.04 60 (1/100) 2.2 4.1
stainless steel 0.25 0.45 0.11 210 1 23.1 43.1
polyamide 0.45 3.20 7.88 3.5 (2.5/4.5)2 27.6 51.4∑
k = 53.6 (43.9/63.0)
Cable F2
The cable specific stiffness k for cable type F2 is more than a magnitude lower than
the stiffness of cable type F3. The obtained analytical stiffness from material spec-
ifications is k = 53.6 kN (see table 4.3). The cable data sheet of F2 reports a cable
typical load of 470 N at 1 % elongation. Using equation 12, the cable stiffness yields
47 kN. The k value from the data sheet is within the error tolerances obtained from
the analytical k value. The analytical k value is used in the following for the cable
stiffness of F2.
Results from cable type F2 show a much better delineation between stretched and
stationary cable intervals compared to cable type F3. A constant plateau is visible
over the strained interval (see figure 4.5). The height of the plateau does not reduce
with increasing time after weight increase. In addition, a weight placement of cable
F2 shows a much smaller hysteresis after removing the weight and returning back
to starting conditions (see figure 4.6).
According to equation 11, the obtained measured cumulative cable stiffness yields
k = 50.5 kN for Run 1 and k = 53.6 kN for Run 2. Compared to the analytical
assessment of the cable stiffness, the measured values show a correlation with devi-
ations of less than 5 %. For this cable type, a weight measurements up to 5.88 N
(at a deformation of ε = 120 µε) was achieved. The distributed strain profiles for
all other weight steps can be found in the appendix (see figure A3 and figure A4).
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Figure 4.5: Example of DSS profiles for cable type F2. (1): Top clamp (2): Weight holder


















weight increase, R2 = -0.997
weight decrease, R2 = -0.998
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weight increase, R2 = -0.997
0 1 2 3 4 5 6
F (N)
Figure 4.6: Spectral shift readings over load cycles for cable type F2
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Bare Fiber F1
Results from strain measurements along a 1 m interval of bare silica fiber with
acrylate coating are presented in figure 4.7. Over the entire measurement range
from 1 g to 49.8 g (1 - 553 µε), the strain measurement shows a high linearity.
The hysteresis when removing all weights results in a spectral shift of 1.1 GHz or
6.7 µε. The obtained gradient for the strain fitting curve is −7.10 µε/GHz in this
experiment. From the cylinder expansion experiment (see chapter 3, figure 4.7) the
obtained slope for strain fitting results in −6.71 µε/GHz is plotted as well. That





























ε = -7.10 · ∆ν, R2=-0.999
ε = -6.71 · ∆ν
0 100 200 300 400 500
F (mN)
Figure 4.7: Left: DSS profiles during load changes with a bare fiber. Right: Spectral shift
over strain range from experimental data
High temperature cable
Figure 4.8 shows DSS data for the high temperature cable. The left subplot shows
a comparison between the high temperature cable, the cable type F3 (see table 4.1)
and the bare fiber F1 to a temperature up to 90 ◦C. The ∆ν response is similar in
each of the tested fiber/cable and can be calculated according to equation 4. The
measurement fiber of the high temperature cable does not experience additional
strain by the expansion of the steel mantle because of the excess fiber length (over-
stuffing). Although the steel mantle has a much higher thermal expansion coefficient
than the fiber, the additional fiber length inside the tube allow the fiber to remain
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without strain. For the gel filled F3, it is surprising that the temperature calibration
constant matches the other two fiber samples. The gel filling appears to have no
effect on the differential thermal expansions of fibers and the surrounding steel tube.
The right subplot shows the spectral response for the high temperature cable tem-
peratures up to 240 ◦C. The transition point is visible at ∆Tt = 130 ◦C. At tempera-
tures below ∆Tt, the temperature calibration constant is the same as during previous
temperature calibration with a value of −0.69 ◦C/GHz. Above that temperature,
the slope of spectral shift increases much steeper with increasing temperature. The
temperature calibration constant in that region becomes −0.27 ◦C/GHz.
























∆T = (-0.69 ◦C/GHz) ∆ν
∆T = (-0.27 ◦C/GHz) ∆ν
highT cable
Figure 4.8: Spectral response of a high temperature cable at elevated temperatures. ∆T
is relative to ambient laboratory condition of 20 ◦C
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4.4 Discussion (B)
Despite the internal complexity of both cable types tested in the laboratory, me-
chanical load changes over a confined interval of 1-2 m after a lead fiber length of
200 m can be assessed both qualitatively and quantitatively. As expected, cable F2
generates better results in terms of accuracy, strain delineation at clamping loca-
tions, temporal stability and hysteresis compared to cable F3. Nevertheless, the data
shows that cable F3 still creates quantifiable strain readings. The analytical calcu-
lation of the cable stiffness create a satisfying match compared to the experimental
results. The findings for each cable are discussed individually in the following.
Cable F3
The fiber optic cable which was tested and deployed in the field was not initially
designed to measure strain. The gel filling between the fibers and the steel tube and
different layers/compounds of the cable result in a complex mechanical interaction
across the cable layers. The laboratory experiment shows a hysteresis effect after
removing a weight from the cable. The likely reason for that is that the gel filling
deformed plastically during elongation. During relaxation of the cable, the defor-
mation of gel is probably the driving factor that created an apparent compression
of the cable. The stiffness values ki for each cable layer from table 4.2 are used
to calculate the force at the surface of the optical fiber, i.e. the interface to the
gel filling, and the interface of gel filling with the surrounding steel tube. At an
elongation of the cable by 6 µε, the shear stresses are calculated to be 11 Pa and
4 Pa, respectively. These values are a factor 3 lower that the lowermost reported
yield strength for gels. Nevertheless, the mechanical deformation of the cable is
measured over several minutes to hours. Over these timescales, a plastic deforma-
tion is likely to occur, as observed during mechanical load change in the experiment
(figure 4.4). These are strong indications for a differential movement between the
fiber and surrounding rigid layers due to plastic deformation of the gel, even at
ambient temperatures. Exemplary, the DSS trace also shows that the fiber strain
response exceeds the clamping location of the vice and weight holder during load
changes (see figure 4.3). Although these areas are mechanically isolated from the
strained interval, the fiber experiences a tensional force.
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Cable F2
Cable F2 is specially designed to pick up strain. The experiment shows that these
expectations were met. In the force range up to 5.9 N, resulting in a strain of 110 µε,
the correlation between the spectral shift and strain shows a high linearity and small
errors both during weight increase and weight decrease. The measured strain and
the strain from the analytical approach show a good fit with deviation of less than 5
%. The cable shows to be a suitable candidate as a static distributed strain sensor
because of its low strain drift over time and low hysteresis. The layers in F2 are all
solid and the strain response bounded right at the clamping location of the weight
holder and the vice. The strain measurements scatter significantly right at these
two locations. It was observed multiple times that the python algorithm as well
as the OBR control software fails to measure a spectral shift when loads change
quickly over a very short interval. This is especially pronounced in the extended
range mode, where the two-point spatial resolution is 3 mm.
Bare Fiber (F1)
A mass of 1 g on the bare fiber creates a spectral shift of −2.0 GHz. Due to its very
low cumulative stiffness, little force is sufficient to result in a measurable strain.
Indicated by the coefficient of determination in figure 4.7, the strain to spectral shift
correlation shows a high linearity for the investigated range up 553 µε. Two different
calibration constants were calculated for the correlation of spectral shift and strain.
In this experiment, the elongation is only mechanically driven by stretching of the
fiber. In the cylinder expansion experiment (chapter 3.1), the strain was obtained
from thermal expansion of different materials. The strain calibration constant during
the cylinder expansion experiment was obtained by subtracting the spectral shift
reading which is heated only from the spectral shift reading which is heated and
stretched at the same time. The fiber which was located on the ovens table without
fixation was treated as if it experienced no physical length changes and the spectral
shift was purely induced by the changing temperature. However, the free lying fiber
interval experiences an elongation due to its thermal expansion coefficient. This
means that a temperature correction of the strain correlation coefficient also falsely
corrects for a certain physical length which is due to the thermal expansion coefficient
of the fiber. As a consequence, the strain correlation coefficient from the cylinder
experiment is lower (or in other words: less strain is required for one optical unit of
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GHz). The difference between the two obtained slopes is −0.39 µε/GHz. According
to equation 4, ∆ν can also be expressed with respect to temperature resulting in
αL = −0.48 µε/◦C. The linear thermal expansion coefficients for fused silica are
reported in literature with αL = −0.5 µε/◦C (Berthold et al. 1977). This result
shows that the offset of the two slopes can be explained by the thermal expansion
coefficient of the fiber itself. When performing a temperature correction, the thermal
expansion of the fiber itself will be compensated.
High temperature cable
For temperatures below the transition temperature Tt = 150
◦C (∆Tt = 130 ◦C),
the high temperature cable is not sensitive for DSS measurement because the fiber
is lying loosely within the steel sheath. At 20 ◦C, a mechanical strain of 2200 µε
is necessary to stretch the cable so that the length of the fiber equals the length
of the metal sheath. Any additional strain from that point on could be detected
with the fiber optic cable, assuming the fiber inside would be fixed at both ends.
With increasing temperature, the relative length of the fiber decreases with respect
to the metal sheath. Because of that, the strain needed to be detected by the fiber
decreases with higher temperatures. As the transition temperature Tt is reached, the
fiber is stretched to the same length as the metal sheath. From this point onward,
the fiber can potentially detect any minor strain changes. Compared to equation
4, the correlation between spectral shift and temperature and strain presented here
includes another term which compensates for the thermal expansion of the metal
sheath.
It is important to mention that the cable sample which was tested in this experiment
was coiled up to fit into the oven and that the fiber was mechanically fixed at the
start and end of the metal tube. The fiber is therefore more likely to be in contact
the metal tube compared to a straight cable positioning. In a straight position,
the fiber is likely to move more freely which in consequence could lead to a less
well defined transition temperature. For a straight cable sample with a length of
several hundreds of meters, a fiber might experience the steel expansion differently,
depending on distribution of fiber length inside the cable. Additional experiments
are required in the future to answer these questions.
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4.5 Conclusions (B)
Despite the complexity of fiber optic cables, distributed strain data can be obtained
with high accuracy. The cable cumulative stiffness is the governing parameter when
strain is calculated from a force which works on the cable. The experimental and
analytical approach show a good fit. This experiment has shown that it is crucial to
know the design parameter of a fiber optic cable and to calibrate the fiber optical
signal for strain and temperature. Cable type F3 has numerous properties which
make it less suitable for strain sensing. These include a number of different mate-
rials, a high cumulative stiffness and a gel filling around the fibers. Nevertheless,
strain data could be obtained with decent accuracy. For cable type F2 and the
bare fiber F1, the strain experiment gives good results and a good match with the
analytical solution. The strain calibration constant from the cylinder expansion ex-
periment was reassessed with the new findings from this experiment, showing that
the expansion of the fiber itself can be separated from the strain signal. The results
from this experiment are essential for the following chapters, because they enable
to quantify forces (or measure the weight) on a fiber from its mechanical state.
The quantification of strain readings in terms of forces will be further applied in
the next chapter to measure fluid shear stresses (see chapter 5). Before that, the
analysis from the high temperature cable testing is presented. This analysis stands
for its own and is not required to understand the next chapters.
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Wellbore completion monitoring using fiber optic distributed strain sensing
5 DSS fluid rheology (Experiment C)
This chapter investigates the potential of fiber optic distributed strain sensing (DSS)
to measure fluid rheological parameters such as viscosity and density. First, a the-
oretical approach is used to calculate fluid flow dynamics in a closed system such
as a pipe and/or an annular body. Then, an experiment is conducted where differ-
ent fiber optic cables are exposed to a range of typical wellbore fluids at different
flow rates. The strain which is measured with the fiber optic cable is then used to
measure the viscosity of the fluids.
5.1 Theoretical approach (C)
Basic equations from fluid mechanics are used to determine the shear stresses exerted
on the cable by the flowing fluid. Figure 5.1 shows an overview of the workflow which
will be explained in detail in the following sections.
Input geometry:
Tube: OD, ID, L




Darcy friction factor fD
Wall shear stress τw




From rheometer data: power law
fluid parameter (ik,n)
fluid shear rate γ 𝛾 =
8 𝑞
𝐷𝐻












𝐹𝑤 = 𝜀 𝑘 = 𝜏𝑤𝜋𝑑𝑐𝐿
Figure 5.1: Processing steps to determine the tangential forces acting on a cable surface
when exposed to a fluid flowing
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Input parameters are specified for both the geometry (such as hydraulic diameter,
cable diameter, cable stiffness) and the fluid type (such as density, flow rate). Fluid
flow rates are used to calculate fluid shear rate and fluid viscosity which is then used
to estimate the flow regime according to the Reynolds number. A friction factor is
calculated which is then used to obtain the wall shear stress. This wall shear stress
consequently has an effect on the cable resulting in a strain (see figure 5.2). The
strain results in a detectable spectral shift measured by the interrogator. When a
fluid is flowing along the cable in the flow path, a strain gradient will form along
the cable length L exposed to the fluid. Figure 5.3 shows a conceptual model of the
resulting strain on a cable which is placed in the annular space of a bore hole where






x1 A1 = π dc X1 | F1 = τw A1 → Δε1
A2 = A1 | F1 = (τw A2 ) + F1 → Δε2
A3 ..... → Δε3
Ax ..... → Δεx
Δε
Strain sensing fiber optic cable
Tube inner wall
Figure 5.2: Sketch of wall shear stresses acting on the surface area of a cable hanging in
the center of a tube
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Figure 5.3: Sketch of expected downhole data from fluid shear stresses
The viscosity η of a fluid is the ratio of the shear stress τ to the shear rate γ̇.
It is a measure of the flow resistance. A flat solid plate sliding on a liquid layer of
thickness y at speed u requires the force Fw corresponding to the frictional resistance
to maintain the movement (figure 5.4). The velocity gradient (du/dy) is defined as





The mean flow velocity q is related to the volumetric flow rate Q and the cross





In case of flow through a pipe, the cross sectional area A is defined by the radius r
of the pipe and the radius of the cable rcable:
A = πr2pipe − πr2cable (16)
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The hydraulic diameter DH is defined as the inner diameter of the pipe minus the






The definition of viscosity for an incompressible and isotropic Newtonian fluid
is given by (Darby et al. 2001):
τ = ηγ̇ (19)
where τ is the shear stress (”drag”). Material descriptions often provide a value for
the kinematic viscosity ν which is defined as ν = η/ρ. In these fluids, the shear












Liquid with viscosity η
Figure 5.4: Principle of viscosity. Sketch modified from Kaeppeli (1987)
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In contrast to Newtonian fluids, Non-Newtonian fluids are fluids which cannot be
described with Equation 19. The shear stress/shear rate relationship of these fluids
differs from that of a Newtonian fluid. To study fluid rheological behaviors, three




Fluid rheological properties close to the transition from no flow to flow conditions
are not covered in this experiment. In that zone, the fluid yield point is an important
parameter which is defined by the minimum shear stress necessary to shear a fluid.
The drawback of the power law model is that at zero shear rate, the shear stress
is zero. This does not truly represent the Non-Newtonian fluids because this fluid
has a residual shear strength at zero shear rate. For the occurring shear rates in the
experiment, the values calculated from power law model and Bingham model are
almost identical. The power-law model was applied in this work.
Power-law fluids are defined by the following equation (ik is the index of consistency
and nbi the flow behavior index):
τ =ik · γ̇
nbi (20)
η =ik · γ̇
nbi−1 (21)
When nbi is greater than 1, the viscosity increases with increasing shear rate. This
fluid behavior is called shear thickening. When nbi is less than 1, a fluid is called
shear thinning. Its viscosity decreases with increasing shear rate. Most drilling
muds, cement slurries and heavy crude oils show shear thinning behavior (Guillot
2006).
A Bingham fluid behaves as a solid body at low shear stresses (Bingham 1916). As
the shear stress exceeds the yield stress τ0, the material starts to flow with a linear
gradient between shear stress and shear rate (Equation 22).
τ = ηγ̇ + τ0 (22)
Herschel-Burlkley fluids combine power-law and Bingham fluids to describe fluids
with a yield stress τ0 and a non-linear shear stress/shear rate relationship.
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Thixotropy describes time dependence of flow behavior and viscosity. As a thixotropic
fluid is sheared, a time-dependent shear-thinning occurs with increasing time of
shearing (see figure 5.5). As the substance is subsequently in rest, it will return
gradually to its viscosity at ground state. Fluids which are shear thickening with
increasing time of shearing are called Rheopectic. One of the fluids used in the
experiment shows weak thixotropic behavior.


























Figure 5.5: Fluid shear stresses as a function of shear strain rate (left) and special case of
time-dependence of fluid viscosity (right). Graphic modified from Irgens (2014)
Reynolds number
Osborne Reynolds (1842-1912) has demonstrated that similar flow patters occur
when a dynamic and mechanical similarity exists. The ratio of inertial forces to
viscous forces within a fluid is given by the dimensionless Reynolds number (Re)






q · ρ ·DH
η
(23)
where q is the average velocity of the flow, ρ the density of the fluid, DH the hydraulic
diameter of the pipe and η the viscosity of the fluid. Depending on the magnitude of
the Reynolds number, typical flow patterns with distinct physical properties appear.
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The two main flow regimes indicated by the Reynolds number are laminar and
turbulent flow. Laminar flow is characterized by steady and parallel flow lines of
molecules parallel to the flow direction. In a cross sectional view through the pipe,
the velocity distribution of the flow profile is parabolic, with the highest velocity
in the middle of the pipe and no movement at the pipe walls. Because there is no
movement at the pipe walls, the pipe surface characteristic (smooth or rough) has no
effect on the fluid flow (Kaeppeli 1987). In turbulent flow, movement of molecules
additionally occurs perpendicular to the flow direction in form of eddies leading to
a constant mixing across the flow layers. The flow profile in a cross sectional view
of the pipe shows turbulences and more similar flow velocities at both the center as
well as the walls of the pipes. The transition from laminar flow to turbulent flow
can be determined with the critical Reynolds number (Recrit) (Oertel et al. 2013):
Recrit =
q · ρ ·DH
η
= 2300 (24)
Re values below Recrit are laminar. All measurements performed in the experiment
and calculations are done in the laminar flow regime.
Friction factor from laminar flow
In the hydraulics of pipe flows, the Darcy-Weisbach equation is an important empir-
ical formula to calculate pressure friction losses over a given length of a cylindrical
pipe (Weisbach 1845). The pressure loss over length is a function of the density of
the fluid, its velocity, the area of the pipe and the characteristic friction factor. The









where ∆p is pressure loss over a length L of a pipe. fD is the Darcy friction factor
which in literature is also referred to as the flow coefficient λ. Solving Equation 25









Independently and almost simultaneously, Jean Poiseuille (1799-1869) and Gotthilf
Hagen (1797-1884) defined the pressure drop in an incompressible, Newtonian fluid
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in laminar flow through a long cylindrical pipe of constant cross section (Hagen
1839; Poiseuille 1841). In contrast to Darcy-Weisbach, it does not include a friction








Solving Equation 27 for ∆p and replacing the volumetric flow rate Q with the average











Inserting Equation 28 into Equation 26 one obtains the Darcy friction factor for






Average wall shear stress
The friction factor for laminar flow fD is used to calculate the average wall shear















Deformation of a fiber optic cable
The wall shear stress τw will create a force on a cable which is exposed to the flowing
fluid. The diameter of the cable dc defines the area over which τw acts. Hence the
absolute force Ftotal acting along the cable in response to a certain flow condition
defined by τw over a cable length L can be written as:
Ftotal = τwπdcL (31)
The total force on the cable can also be expressed as the sum of a sequence of forces






The force is equal to cable specific stiffness k times strain ε, hence Fcable = k ε (see












is the strain gradient (schematically introduced in figure 5.2) for a
cable in an annular tube. The strain gradient is a function of the hydraulic diameter
of the tube DH , the average flow velocity q (equation 17), the fluid viscosity η and
the cable diameter to cable stiffness ratio dc
k
.
The parameters applied for the model are presented in table 5.1. Values for the
viscosity of the circulated fluids were measured before by viscometer measurements.
Table 5.1: Parameter table used to model shear stresses on cables within an annular tube
during fluid flow. Cable naming according to table 4.1. Cable cumulative stiffness obtained
from Chapter 4. Viscosity data is obtained from rheometer measurements conducted for
this experiment
input geometry:
tube OD (mm) 22
tube ID (mm) 20
tube length (mm) 3000
cable parameter: F1 F2 F3
diameter dc (mm) 0.25 3.2 5.5
stiffness k (kN) 0.8 54 ± 10 597 ± 36
fluid parameter: water bentonite susp. DeHydril
density ρ (kg/m3) 1000 1250 1060
viscosity η (mPa s) 1.5 29 - 105 315 - 1164
flow rate (l/min) 1.0 - 2.5 (± 0.06)
mean velocity(cm/s) 6.5 - 18.1 (± 0.4)
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Data Validation
The calculation of uncertainty of the theoretical data includes uncertainty of the flow
rate q of the pump and the uncertainty of the apparent viscosity η of the fluid. Also,
the uncertainty of the cable stiffness k is included. A Gaussian error is determined
according to
















), ∆q is the maximum difference of the a
mean flow rate q̄, ∆η the maximum difference between a viscometer measurement
and the power law which is used and ∆k the maximum error of the cable specific

























A second error estimate was performed for the noise level of measured data ε/ L. It
is the accuracy of the interrogator system ∆∆εN . Temperature changes of ±0.5 ◦C
create an additional uncertainty ∆∆εT . Furthermore, the cable stiffness k is given
with an uncertainty which needs to be accounted for in the error calculation.
∆εT =± 0.5 ◦C/0.68 (◦C/GHz) · 6.71 (µε/GHz)
=± 4.9 µε
∆εN =± 1 µε
∆knkt =± 36 kPa
∆kBrugg =± 10 kPa
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Hence, the maximum uncertainty when measuring a force ∆F (equation 12) with a


































= ∆εN + ∆εT
5.2 Experimental Setup (C)
The experiment aimed at measuring strain along a cable when fluids are flowing
next to it. The main component of the experimental setup was a 3 m long vertical
flow line (see figure 5.6). The detailed setup of the experiment is shown in figure
5.7. Crosspieces were mounted on top and bottom of the pipe. The fiber was fed
through the straight vertical path of the setup. Only one cable/fiber sample was
tested at a time. The cable types were fed through the tube and first fixed with a
Swagelok fitting to the upper crosspiece. Then the cable was firmly pulled from the
bottom to apply pretension to the cable and fixed with another Swagelok fitting at
the base. In case of the bare fiber, heat shrink tubes were first applied on the fiber
to increase its outer diameter so it could be sealed in the Swagelok fitting. Through
the crosspiece inlet and outlet perpendicular to the cable direction, a differential
pressure sensor was installed. The remaining outlet was used to mount steel tubes
for the fluid in and outlet. The fluid flow was directed upwards. In a distance
of 20 cm from the horizontal tube at the inlet, a flow meter was installed in the
flow line. A progressive cavity pump (AFJ 10 B) was used to circulate the fluids.
Three different fluid reservoirs (fresh water, bentonite suspension, DeHydril) were
positioned next to the pump. DeHydril is a synthetic clay mineral with a thixotropic
behavior (Emmermann and Lauterjung 1997). The concentration of DeHydril HT
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was 600 g on 20 l, or 30 g/l. The bentonite concentration was 60 g/l. Rheology
measurements were performed with Haake RheoStress RS 150 and Haake F6 – C25
for temperature control. Shear stress and viscosity were measured as a function
of time at constant shear rate γ̇ of 1/sec. Viscosities were measured for different
temperatures (20 ◦C, 30 ◦C and 50 ◦C). Flexible hoses were used to connect the
fluid reservoirs to the valve at the pump and at the fluid outlet back to the fluid
container. Four temperature gauges monitored the ambient temperature in the
laboratory and inside each of the fluid reservoir. When changing fluid types, the
fluid mix in the flow line was first disposed until the clean fluid remains. Pump flow
rates were 1 l/min, 1.5 l/min, 2 l/min and 2.5 l/min respectively. Each flow rate
was maintained for at least 10 minutes. DSS profiles are acquired in intervals of 23








Figure 5.6: Experimental setup to measure fluid shear stresses on cable. Left: Fiber inlet
at the bottom crosspiece. Right: Progressive cavity pump (AFJ 10 B) with fluid reservoirs
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1 – progressive cavity pump (AFJ 10 B)
2 – flow meter
3 – fluid reservoir (water, bentonite, DeHydril)
4 – diffential pressure sensor
5 – OBR 4400 (optical interrogator)
















Figure 5.7: Schematic drawing of fluid shear stress experiment
5.3 Results (C)
Three fiber optic cable types were studied in this flow experiment. Table 5.2 shows
the abbreviations used to name the cable/fiber types throughout the analysis.
Table 5.2: Abbreviations for fiber optic cable names
Abbreviation Fiber/cable name
F1 silica fiber with acrylate coating
F2 Brugg strain sens v04
F3 BLK-NKT9.1 nkt cable
Fluid viscosity measurements
Figure 5.8 shows the results of the viscosity measurements (Haake RheoStress RS
150 and Haake F6 – C25 for temperature control) for the two tested fluid types,
bentonite suspension and DeHydril. The viscosity of DeHydril is about a factor
10 higher for similar shear rates as bentonite suspension. Fluid viscosity variation
due to temperature variations is below 2 percent for the tested temperature range
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of 25-50 ◦C for both DeHydril and bentonite suspension. At the beginning of each
measurement run, data scatters much at shear rates below 10−3 s−1. At higher shear
rates, the viscosity decreases showing the shear thinning behavior of the fluids. For
DeHydril, the slope on the log-log plot is different during decreasing shear rates
compared to the initial increase in shear rate due to the thixotropic behavior of the
fluid. Regarding the result of the bentonite suspension, the curves during increase
and decrease of shear rate are more similar to each other. A power law is fitted to the
curves for 30 ◦C and the result is applied in the modeling approach. According to
equation 21, the power law parameters for the index of consistency ik and exponent
n for DeHydril are ik = 25055, n = 0.9713 and for bentonite suspension ik = 3055,
n = 0.9441.
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Figure 5.8: Viscometer results for tested fluids in experiment
Strain response modeling of the fiber optic cable
The model based on empirical equations is used to calculate the strain response of
a fiber optic cable immersed in a flowing fluid according to equation 33. Figure
5.9 shows calculated strain gradients for the three tested fiber types. Each of the
subplot shows the strain gradient for Newtonian fluids with different viscosities.
For all tested fluids, the strain response is highest for sensor F1. Although the
area where the wall shear stress from fluids can act is the smallest from all tested
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fiber types, it has a very low stiffness compared to the cables. The ratio of cable
diameter/stiffness dc/k for each sensor type is listed in table 5.3.
Table 5.3: Cable/fiber diameter d to cumulative stiffness kF ratio comparison of tested
samples




Compared to dc/kF1, dc/kF2 is 4.3 times smaller and dc/kF3 is 28.9 times smaller.
The strain gradient during water circulation (η = 1 mPas) is below 2 µε/m (dashed
line) which is the lowest value which can be detected with the used interrogator sys-
tem (see Chapter 4). According to equation 33, circulation of a fluid with viscosity
η = 65 mPas generates a strain gradient of 10 µε/m at a flow rate of 10 cm/s on the
bare fiber (F1). On sensor F2, the strain gradient barely surpasses the threshold
with a value of 2.5 µε/m at 10 cm/s. Sensor F3 has a too low dc/kF3 ratio to be de-
formed by the flowing fluid. For the fluid with η = 500 mPas, all sensors experience
a detectable deformation. At q = 10 cm/s, the strain gradient for F1 is 75 µε/m,
for F2 it is 20 µε/m and for F3 it is 3.8 µε/m.
Figure 5.10 shows the modeled distributed strain profiles along a 3 m long interval
of sensor type F1 being exposed to different flowing fluids. The sensor was placed
in the flow line in the interval from 3 - 6 m. The strain responses are the expected
strain profiles obtained from the experiment. A summary of all modeled strain gra-
dient obtained with shear rate dependent apparent viscosity are listed in table 5.4.
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Figure 5.9: Modeling result of strain per unit length of cable















Modeled strain profile for F1
η = 1 mPa s
η = 65 mPa s
η = 500 mPa s
Figure 5.10: Modeling result of the strain gradient on sensor type F1
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Table 5.4: Calculated strain gradients for all scenarios in experiment. Entries in Italics
show gradients too low to be measured with the OBR4400 interrogator
Fluid type Flow rate Flow speed/App. viscosity Strain gradient
(l/min) (cm/s)/(mPa s) (µε /m)
Fiber type F1 F2 F3 F1 F2 F3
DeHydril 1 6.5/935 6.6/760 7.2/605 91.3 17.2 3.2
1.5 9.8/631 10.1/513 10.8/408 92.4 17.4 3.3
2.0 13.1/477 13.5/388 14.4/309 93.1 17.6 3.3
2.5 16.4/384 16.9/312 18.0/248 93.7 17.7 3.3
Bentonite 1 6.5/125 6.6/102 7.2/82 12.2 2.3 0.5
susp. 1.5 9.8/85 10.1/70 10.8/56 12.5 2.4 0.6
2.0 13.1/65 13.5/53 14.4/43 12.7 2.4 0.6
2.5 16.4/53 16.9/43 18/34 12.8 2.4 0.6
Water 1 6.5/1 6.6/1 7.2/1 0.1 0.04 0.01
1.5 9.8/1 10.1/1 10.8/1 0.2 0.05 0.01
2.0 13.1/1 13.5/1 14.4/1 0.3 0.07 0.02
2.5 16.4/1 16.9/1 18/1 0.4 0.08 0.02
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Experimental results
Experimental results are presented for each sensor type individually. First, results
from sensor F1 are shown, then from sensor F2 and lastly from sensor F3. The
sensors were tested with the three fluid types (water, bentonite suspension, DeHy-
dril) under constant experimental conditions. As an example, flow rate data and











Water Bentonite DeHydril HT
Q
250 260 270 280 290 300 310 320 330





























Figure 5.11: Example flow rate and temperature data from flow experiment
In order to minimize the influence of the lower deflection points (cross piece) on
the measured flow profile, the calculation of the strain gradient is performed only
in the upper interval between 1-3 m of the measurement length. In this analysis it
is assumed that the velocity profile of flow in the annular tube is constant over this
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interval and that the wall shear stresses are equal at both the outer pipe wall as well
as the sensor cable/fiber. The apparent viscosity is calculated from the viscometer
data and the average flow velocity.
Bare fiber (F1)
Figure 5.12 shows a summary of distributed strain profiles for sensor F1 under test
during circulation of different fluids. The upper plot shows the raw signal that was
measured with the interrogator. The lower graph shows the same profiles but with
a correction for the estimated thermal expansion/contraction of the steel due to
heating or cooling of the experimental setup.
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no flow




















bentonite susp. (1.5 l/min)
DeHydril (1.5 l/min)
no flow
Figure 5.12: DSS profiles from sensor F1 during circulation of different fluids. (1): Lower
clamping point (2): Top clamping point
A strain change was only measured in the interval within the 3 m steel tube,
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while surrounding areas remain unaffected, indicating mechanical isolation of the
fiber under test. During circulation of all fluid types (water, bentonite suspension,
DeHydril), the strain response of the sensor over the entire 3 m was relative com-
pression/ relaxation. This was due to the cooling and hence contraction of the
experimental setup. In case of water flow, the strain response at the lower end
of the 3 m pipe shows a strain reading of 40 µε after temperature correction. This
value fades towards the top to a strain reading of 15 µε. The circulation of bentonite
suspension also created the highest strain at the lower end of the pipe at 25 µε. At
the upper end of the pipe the sensor measured relative compression with a value of
−25 µε. DeHydril circulation shows the highest strain at the lower end of the pipe
with 80 µε and −125 µε at the upper end of the pipe.
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Figure 5.13: Initial displacement of water by DeHydril with sensor F1
Figure 5.13 shows the raw data during dynamic displacement of water by cir-
76
culation of DeHydril in the tube. Due to its higher temperature (+2 ◦C compared
to water), correction in strain of ∆ε = 2 ◦C / 0.68 ◦C/GHz · 6.71 µε/GHz = 20 µε
was necessary. The thermal expansion of the steel pipe induced additional strain
along the fiber of ∆ε = 2 ◦C * 16.5 µε/◦C = 33 µε. With time, a constant gradient
developed over the 3 m measurement length. After 48 s this gradient reached up
to 7.9 m, after 161 s to 8.6 m and after 184 s, a constant gradient establishes over
the entire 3 m of the measuring interval. With respect to the average flow speed
(6.5 cm/s), the fluid should have reached 4 times the volume of the pipe after 184 s.
Figure 5.14 depicts the gradient of the strain readings over the entire length of the
experimental run. A strain gradient of around 20 µε/m establishes at the onset of
water circulation. The gradient reduces over time to a value of 7 µε/m at the end
of the maximum flow rate of 2.5 l/min. During bentonite suspension circulation, a
constant plateau of 10 µε/m is present. During onset of DeHydril circulation the
gradient gradually increases to a value of 60 µε/m. With ongoing circulation and
increase in flow rate, a maximum gradient of 73 µε/m is measured at a flow rate of
2.5 l/min. Stopping the pumps reduces the gradient to 15 µε/m. During flushing of
water at 2.5 l/min, the slope reduces again to 10 µε/m.
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Figure 5.14: Averaged strain gradients of DSS profiles over the entire measurement run
with sensor F1. Dashed grey lines indicate changes in flow rate
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Cable F2
Figure 5.15 shows a number of DSS profiles at the initial displacement of water
by DeHydril. As the more viscous fluid flowed along the pipe, a stretching of the
lower interval of the cable is measured while the upper interval experienced relative
compression. At the start of circulation with a flow rate of 1 l/min, the strain
temporarily reached up to 115 µm/m, compared to the base line measurement. The
upper part of the fiber experienced relative compression during that time. Similar
to the initial displacement in F1, a constant gradient evolved with time. Compared
to F1, the strain response of F2 is less pronounced during flowing fluid.
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Figure 5.15: Initial displacement of water by DeHydril at a flow rate of 1 l/min (average
flow speed: 6.6 cm/s) monitored with sensor F2
Figure 5.16 depicts the strain gradient for the entire measurement run with fiber
F2. The onset of circulation with DeHydril creates a strain gradients of 19 µε/m
which reduced to values between 10 - 15 µε/m with higher flow rates.
After stopping of the pump, the gradient drops abruptly but remains at a value of
7 µε/m. Subsequent flushing with water does not remove the strain gradient com-
pletely to the initial mechanical state at the start of the experiment.
Bentonite suspension circulation followed the DeHydril circulation. A strain gradi-
ent of 5 - 6 µε/m was present during no flow conditions at the start of bentonite
suspension circulation. During start of flow the strain gradient slightly increases to
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a value of 10 µε/m. As the flow rate reaches 2.5 l/min, the gradient decreases to
3- 5 µε/m. After stopping of the pump, strain gradient remains at 3 µε/m. The
depicted strain gradient from the circulation of water was measured during an in-
dividual experimental run, where only water was circulated. The strain gradient
is below 2 µε/m. Water was also circulated in between and after the run with De-
Hydril and bentonite suspension. In these cases, much higher strain gradients were
measured. These values are similar to the values reached after ending of circulation
of the more viscous fluids (e.g. DeHydril trace after measurement number 55 and
bentonite suspension measurement number 66 in figure 5.16).
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Figure 5.16: Strain gradient for the entire measurement run with cable F2. Circulated
fluid types and respective flow rates are shown on the bottom of the graph
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Cable F3
F3 is not initally designed to measure strain. This cable was tested anyway because
the cable mechanical characterization (see chapter 4.3) has shown that strain sens-
ing is possible to a certain extent. The cable showed the weakest response to fluid
circulation. Figure 5.17 shows the strain gradient over the length of the experimen-
tal run. No difference in the strain response was observed when exchanging water
with bentonite suspension. The initial peak during bentonite suspension circulation
was caused by warmer bentonite at the bottom compared to relative cold water in
the tube which resulting in an apparent strain gradient. DeHydril circulation led
repeatedly to an abrupt increase and decrease in the strain gradient which after-
wards faded to values similar to values observed during water circulation. The full
profiles during circulation of different fluids show a strain signal beyond the clamp-
ing location between top and bottom of the steel pipe. This indicates that sensor
F3 suffers from lack of mechanical isolation at the fixing location due to plastic
deformation of the gel filling which resulted in pulling of fiber from outside into the
3 m measurement tube.
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Figure 5.17: Strain gradient for the entire measurement run with cable F3. Circulated
fluid types and respective flow rates are shown on the bottom of the graph
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Comparison of measured and modeled data
Figure 5.18 compares the resulting values of the measured and modeled strain gra-
dients with the respective uncertainties in the values. The values for the measured
data are an average value for the whole period that fluid was circulated. Table 5.4
shows that the strain gradient varies by less 3 % when changing the flow rate as the
apparent viscosity decreases with increasing flow rate. This range is included in the















































Figure 5.18: Comparison of experimental and calculated results for strain gradients for
three different fluid types (Wat - water, Ben - Bentonite suspension, DeH - DeHydril) with
three tested fiber optic cables/fibers: a) F3 b) F2 c) F1
For the stiffest sensor F3, strain gradients for all fluids exceed the modeled value
by about 5 µε/m. With increasing viscosity of the fluid, only a minor increase for
strain gradient is observed. For sensor F2, the measured strain gradients increase
with increasing viscosity of the fluid, as calculated by the model. The modeled and
measured strain gradient for water shows a good fit when none of the more viscous
fluids is circulated before. The strain gradient during water circulation when flush-
ing DeHydril suspension was measured at 9 µε/m. The measured strain gradient for
bentonite suspension is higher than the modeled value. With ongoing circulation,
the strain gradient for bentonite suspension decreased (see figure 5.16). The strain
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gradient at the end of the bentonite suspension circulation during 2.5 l/min is in
between 3 - 4 µε/m, which corresponds to the value calculated from the modeling
approach. In case of DeHydril circulation, the modeled strain gradient is higher
than the measured strain gradient. For the sensor F1, the measured strain gradient
is higher than the modeled strain gradient for water. Strain gradients for bentonite
suspension show a good fit for both measured and modeled data. DeHydril circu-
lation results in the highest strain gradient measured during the entire experiment.
Nevertheless, the measured value does not fully reach the value calculated in the
modeling approach.
5.4 Discussion (C)
Different fiber optic cable types with varying diameter and stiffness were studied in
terms of their suitability to measure fluid rheological parameter in a flowing fluid.
An experiment as well as a modeling approach was used to access the capabilities
of measuring wall shear stress to deduct the viscosity of the bypassing fluid.
The strain gradient during dynamic fluid movement is the measurement parameter
of interest for this study. Analyzing the gradient does not require any correction
of the absolute state of the fiber in term of temperature or extension/compression
at the clamping locations assuming temperature is constant over short length at a
reasonable flow velocity.
Due to technical limitations of the experimental setup, it was not possible to gather
DTS profiles along with the DSS profiles. The point temperature sensors in the fluid
reservoirs and laboratory were the only available reference temperature measure-
ments. The temperature differences in the laboratory and the fluids (from pumping
and pressure friction loss) results in change of physical length due to the thermal
expansion coefficient of steel along the 3 m pipe over which the strain was mea-
sured. Therefore, the relative strain measured along the fiber optic cable is a sum
of a) strain induced by fluid friction along the cable, b) apparent strain due to
temperature differences along the 3 m sensor interval and c) thermal expansion of
steel tube and cable structure. Filtering of the pure friction induced component was
challenging and prone to error due to uncertainty of both temperature distribution
and uncertainty in thermal expansion coefficient of the steel pipe and cable.
Another important factor to consider is the geometry of the experimental setup.
The fluid is pumped in a horizontal direction for 1 m, before the fluid flow direction
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is deflected by 90◦ in vertical direction. At that deflection point, the fiber optic
measurement interval begins. At the highest point of the measurement length, the
fluid is deflected again into horizontal direction. Theoretical calculations show that
the fluid flow regime was always laminar, with maximum Reynolds number of Remax
= 1951 (during water circulation), Remax = 45 (during bentonite suspension circu-
lation) and Remax = 8 (during Dehydril circulation). The flow regime cannot be
assumed to be perfectly laminar because the flow profile is disturbed due to these
flow deflection points. In fluid dynamics, the entrance length is a measure for the
distance a flow travels after entering a pipe to become fully developed (Marghitu
2001). The wall shear stress τw is highest at the pipe inlet and decreases until the
velocity profile is completely developed. The entrance length is a function of the
Reynolds number and for laminar flow it is given by (Bergman and Incropera 2011):
Lh,laminar = 0.05ReDH (38)
Given the hydraulic diameter DH=1.8 cm and Remax = 1951 (from water circula-
tion), the entry length is 1.75 m. For Remax = 45 (during bentonite suspension
circulation), the entrance length is 4 cm. This calculation shows that the entry
length can be neglected for the two more viscous fluids. During the circulation
of water however, the fully developed laminar velocity profile requires more than
half of the measurement length of 3 m. This explains the discrepancy between the
relatively high strain gradient from the experiment compared to the modeled cal-
culation. With respect to the DSS profiles from sensor F1 (see figure 5.12), one
may conclude that the entrance length is visible during the circulation of water.
The strain gradient during water circulation clearly focuses over the lower 60 % of
the measurement pipe. In the interval from 9 - 10 m, almost no strain gradient is
measured, as it was calcuated from the modeling approach.
Bare fiber (F1)
The modeling result shows that F1 is the most sensitive candidate for the mea-
surement of flow induced strain along a confined interval. In this work, the cable
diameter/stiffness ratio (dc/k) is defined as the exclusive criteria to quantify the
suitability of a fiber to measure wall shear stresses induced by a flowing medium.
The assessment is based on the strain resolution of the used interrogator system.
The experimental results confirm sensor F1 to be the most sensitive to fluid circu-
lation.
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During circulation of bentonite suspension and DeHydril, the initial no flow strain
gradient is at 13 µε/m. This means that after the initial circulation of water, the
fiber does not reach the state of the reference trace measurement. Updating the
reference trace after initial circulation of water corrects for that effect and the strain
gradient is back to 0 µε/m. During DeHydril circulation, the gradient steeply in-
creases to a value of roughly 60 µε/m at the beginning, up to a value of 70 µε/m at
highest flow rate. The modeling approach shows that a flow rate dependent increase
in strain gradient can be expected during DeHydril circulation of around 2.4 µε/m
in the range of 1 l/min to 2.5 l/min (see table 5.4). The modeled strain gradient
for DeHydril is almost 50 % higher than the measured strain gradient. One reason
for this discrepancy are temperature differences in the experimental setup. Circula-
tion of viscous DeHydril through the narrow annular tube generates significant heat
through friction. The temperature in the DeHydril container rises by 2 ◦C within 30
minutes of circulation (see temperature data in figure 5.11). The temperature sensor
was only a point sensor and no information was available about the temperature
profile along the tube.
After demounting of a cable after an experimental run it was observed that the
highly viscous DeHydril formed a film on both the inner pipe wall as well as along
the cable outer surface (see figure 5.19). Despite the flushing with water at maxi-
mum flow rate, this film could not be removed. This film influences the hydraulic
diameter (and hence flow speed and fluid viscosity) and cable surface exposed to
fluid drag. Since the density of DeHydril is only some 5 percent higher than that
of water, there is not much additional pull expected during no flow from the extra
weight along the cable due to the film. Such reduction of the hydraulic diameter
in the pipe increases the flow speed, the fluid shear rate and hence decreases the
apparent viscosity of the circulated fluid (see figure 5.8). However, equations 18,
17 and 33 show that changing DH does not alter the strain gradient significantly




Figure 5.19: Picture of DeHydril film on tube inner surface after demounting experimental
setup after an measurement run.
Performance of F2 and F3
The modeling approach shows that the expected strain sensitivity of the two stiffer
cable types (F2 and F3) is lower compared to the bare fiber (F1). Expressed in the
dc/k ratio, F2 is 4.3 less sensitive and F3 is 28.9 times less sensitive to pick up wall
shear stresses by flowing media. Modeling calculations show that F2 should give a
clear strain reading for the high viscous DeHydril of 17.2 µε/m. The lowest gradient
which can be resolved with the OBR interrogator used in this study is at a threshold
of 2 µε/m. Circulation of bentonite suspension results in an strain gradient which
lies just above this threshold (2.4 µε/m). The experimental data shows the highest
strain gradient during DeHydril circulation. It was observed that especially during
onset of pumping, when water was displaced by viscous DeHydril, high strain gradi-
ents up to 33 µε/m were reached. As pumping continued, the gradient reduces and
becomes more stable at 20 - 25 µε/m, as predicted from modeling calculation.
Figure 5.20 shows a sketch of the displacement process of water by DeHydril in
the pipe together with the contemporaneous mechanical state of the fiber optic ca-
ble. As the DeHydril reaches the 3 m measurement pipe, the lower part of the cable
already experiences an extension from the DeHydril fluid drag, while the upper part
is still unaffected by the viscous fluid. The extension of the lower part of the cable is
transferred to the upper part, resulting in a relative compression/relaxation of the
cable (Phase 1). As the DeHydril fluid front rises along the pipe, the lower path of
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the fiber experiences a higher tension while the upper part of the fiber experiences
higher relative compression/relaxation (Phase 2). As the water is completely dis-
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m
Figure 5.20: Sketch of cable strain during fluid displacement
It was expected that subsequent flushing of the steel pipe with water results in
a complete removal of the observed strain gradient. However, the strain gradient
only reduced by about 8 µε/m after stopping and flushing with water. This residual
gradient was already observed during circulation along the F1 (see chapter 5.4). This
measurement principle shows the difficulty to reach the fiber optic reference/baseline
for each of the tested cable types.
According to the modeling approach, the stiffest cable sample (F3) should show a
measurable strain gradient only during circulation of DeHydril. With respect to the
individual profiles of this experimental run, it was observed that the strain signal
exceeds the top and bottom clamping location of the experimental setup. It was
previously observed during cable testing, that the embedded fibers of this cable type
can move, even if the outer sheath of the cable is firmly clamped (see Chapter 4).
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5.5 Conclusion (C)
Two mechanically different fiber optic cables and a bare fiber were tested in this
experiment. A range of fluids with varying rheological properties at different flow
rate were tested in this study to see whether a fiber optic distributed strain sensing
cable is capable of detecting the strain that is induced by the wall shear stresses of
a flowing fluid. This work shows that fiber optic cables can measure fluid viscosity.
The mechanical sensitivity and geometry of the cable (or bare fiber) was found to
be the main criteria for the successful measurement of viscosity.
The cable has to provide a suitable cable diameter to cable stiffness ratio (dc/k) to
be sensitive enough to deform from fluid drag. A bare fiber has the most sensitive
ratio of the tested cable types. Other fiber optic cables tested in this research are
at least 4 times less sensitive, even though they are especially designed to pick up
strain. In case of the low stiffness bare fiber, results show a measurable and quan-
tifiable strain response from wall shear stresses of fluids with varying viscosity. The
strain gradient which form along the cable (or bare fiber) was found to be a suitable
measure to obtain the fluid viscosity. This gradient is independent both of temper-
ature and length changes with respect to the cable clamping points. In case of the
stiffer cable types tested, the fluid shear stresses were often not sufficient to produce
a measurable strain along cable. Only in case of the highly viscous DeHydril, a
strain response was measurable.
There are possibilities to improve the sensitivity of measuring fluid viscosity with
fibers. Firstly, the experimental setup is limited to a measurement length of 3 m.
During field applications, the fiber optic cable is usually clamped at each joint of a
casing string. The nominal length of a casing joint is somewhat in the range of 10 m.
Hence the strain gradient will develop over longer length (factor 3.3). Secondly, the
cable inflow area can easily modified by designing the cable mantle with an irregu-
lar profile. With a tailor-made fiber optic cable for this measuring procedure, even
higher sensitivity could be reached. Also, a more sensitive optical interrogator for
strain measurement would be beneficial for better results.
The outcomes of this experiment also show the importance of the entrance length
which significantly distorts measurements conducted with high Reynolds numbers.
For future experiments, the use of a smoother turning radius of the pipe is recom-
mended. Alternatively, the strain measurement length may also be at a safe distance
from the distorted velocity profile.
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The following subchapter briefly proposes some possibilities to modify the fiber op-
tic cable design to increase the performance of this measuring technique for future
applications.
5.6 Cable design optimization
The cable diameter/stiffness ratio (dc/k) expresses how sensitive a fiber optic cable
configuration is to measure strain induced by fluid shear stresses along the cable.
Compared to the more complex cables which are tested, this value is highest for
the bare fiber. For the 3 m tube test length, relative strain up to ∆ε = 300 µε was
measured during the circulation of DeHydril. The maximum strain that a fiber can
bear is 1 % (Draka 2010), or 10000 µε, meaning that the bare fiber has stretched
to 3 % of its allowed elongation (excluding any other source of fiber deformation or
temperature changes). Circulation of bentonite suspension only creates a strain of
0.5 % of the maximum allowed elongation. If the behavior of this particular fluid
is the center of interest during a monitoring campaign in an annular body, 99.5 %
of the fibers distributed strain sensing range will be unused. To make use of a fiber
optic cable for fluid monitoring is a challenge for stiffer cable types because the
strain created by fluid drag are even smaller as shown by the dc/k ratio. Figure 5.16
and 5.17 show that the fluid dragging is poorly depicted by the strain gradient.
The strain sensitivity can be increased by optimizing the dc/k ratio while maintain-
ing the protection of the fragile sensing fiber. The ratio can be altered by either
changing the thickness of the cable diameter or changing the mantle material type.
In the following, theoretical cable constructions are presented which aim at opti-
mizing the strain sensitivity for the application of fluid flow profiling. A number of
different cable coating materials are placed around the fiber and the dc/k ratio is
calculated as a function of the thickness of that coating material (see figure 5.21). In
the base design (without coating material), the fiber is embedded in a multi-buffer
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Figure 5.21: Sketch of a cross section of a fiber optic cable with variable outer layer
thickness
Such a cable has an outer diameter of 0.45 mm and because its main component
is a rigid steel mantle with a high stiffness, the dc/k ratio is very low. By adding
material around the cable, the cable diameter increases and the dc/k ratio changes
according to the outer layer mechanical properties. Figure 5.22 shows the dc/k ra-
tio of the cable as a function of a varying outer diameter for three different outer
layer materials. If a polyamide mantle is now added around the cable, its diameter
increases and the cumulative cable stiffness decreases due to an increasing contri-
bution of the more elastic polyamide mantle. The dc/k ratio of the cable increases
as the thickness of the polyamide mantle increases. Also, different outer mantle
materials can be used. The Young’s modulus for polyamide is E = 3.5 kN/mm2.
High density polyethylene (HDPE) is E = 0.8 kN/mm2 and basic elastomers are E
= 0.1 kN/mm2. As seen in the figure, the dc/k ratio increases for all mantle mate-
rials and finds a maximum at a certain diameter. The true thickness of polyamide
of cable sample F2 is 2.75 mm which is close to the location with the maximal dc/k
ratio for polyamide. For HDPE, the maximal dc/k ratio is reached at a diameter of
6 mm with a value of 0.13 kN/mm2 which is half compared to the dc/k of bare fiber.
The highly flexible elastomer has a dc/k maximum at about 19 mm with a value of
0.33 kN/mm2 which is around 27 % higher than bare fiber. This means that such
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an elastomer coated fiber would be better suited for viscosity sensing than the bare
fiber. Another advantage of such an elastomer coated cable would be that the cable
is much more mechanically stable compared to a bare fiber. Due to the buffer layer
and steel tube, the measurement fiber is well protected.
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Figure 5.22: Cable diameter/cable cumulative stiffness ratio (dc/k) of fiber optic cable
presented in table 4.3 (without polyamide mantle)
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6 Wellbore monitoring
The previous chapters have shown the capabilities and limitations of distributed
strain sensing (DSS) using fiber optic cables. In the beginning, strain and temper-
ature calibrations on bare fibers were performed (Chapter 3). Subsequently, the
strain response of complex multilayer fiber optic cable was analyzed (Chapter 4).
Based on the findings of these experiments, a tube flow experiment was designed
which is capable of measuring fluid rheological parameters such as the fluid viscosity
(Chapter 5). The laboratory results should now be applied in practice.
In the scope of this research, a fiber optic cable has been installed in a well. The
installation was done behind the production casing of a research well for aquifer
thermal energy storage (ATES) in Berlin, Germany (Gt BChb 1/2015). Two phases
of the well completion were monitored with fiber optic distributed sensing - the sand
screen gravel packing operation of the open hole section and the cementation of the
production casing. The data gathered from the fiber optic installation includes both
distributed temperature sensing (DTS) as well as distributed strain sensing (DSS).
In the following, the installation procedure and field data from these wells are shown.
A part of the following section was originally published as Lipus M., Reinsch T.,
Schmidt-Hattenberger C., Henninges J., Reich M., Gravel pack monitoring with a
strain sensing fiber optic cable, OIL GAS EUROPEAN MAGAZINE 4, 2018. The
published parts include the fiber optic cable installation in the wellbore and analysis
of data gathered during the primary gravel packing and the compaction of the gravel
head.
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6.1 Underground thermal energy storage (UTES)
Nature offers storage systems between seasons, as heat energy is passively stored in
the soil and groundwater through seasonal temperature changes. Below a depth of
10-15 m, the soil temperature is not affected and corresponds to the annual average
air temperature (Lee 2013). Therefore, the average soil temperature in winter is
higher than the surface air temperature and lower in the summer. So, heat is either
injected into the ground for later use (heat storage) or extracted from the ground or
heating purposes or cold storage. The acronym underground thermal energy storage
(UTES) comprises a number of technologies:
 Aquifer Thermal Energy Storage (ATES)
 Borehole Thermal Energy Storage (BTES)
 Cavern Thermal Energy Storage (CTES)

UTES systems
Systems where the technical fluid is injected into the ground are referred to as
open systems. These systems can be further subdivided into ATES (aquifer thermal
energy storage) and CTES (cavern thermal energy storage). An ATES system tra-
ditionally consists of two wells which are hydraulically connected to the same water
saturated and permeable underground layer (figure 6.1).
HEX












Figure 6.1: Schematic of a Aquifer Thermal Energy Storage (ATES) system (figure mod-
ified from Andersson (2007))
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Thermal energy is transferred by pumping the groundwater from the aquifer and
by reinjecting it at a different temperature at another nearby well. During summer
season, water is pumped up from the cold well, heated up at surface through a
heat exchanger, and then pumped into the reservoir though the hot well. Among
other possibilities, the required heat for the injection fluid can be either taken from
e.g. solar power (Hahne and Hornberger 1994), a cogeneration plant (Strodel et al.
2016) or waste heat from buildings (e.g. Paksoy et al. 2004; Rivero 2015). Borehole
thermal energy storage (BTES) are closed-looped systems where a technical fluid
(mostly water) is pumped through a heat exchanger in the ground. Below a depth
of 10 - 15 m, the average temperature of the ground is not influenced by the season
and relatively stable throughout the year (Lee 2013). Consequently, the ground is
suitable for heat extraction during the winter season and cold extraction during the
summer season (Nordell et al. 2007).
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6.2 ATES Fasanenstrasse, Gt BChb 1/2015
The well Gt BChb 1/2015 was drilled as a research well with the target to develop an
underground seasonal heat and cold storage systems. The well completion schematic
can be found in figure 6.2. Pictures from the installation of the fiber optic cables can
be found in the appendix (A5: cable end configuration at MD 233m, A6: cross-over
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Figure 6.2: Schematic well completion of ATES Fasanenstrasse (Gt BChb 1/2015)
The outermost cable is installed to a depth of 192 m and located behind the
11 3/4” steel anchor casing which has a landing depth of 212 m. The cable is installed
in a loop, so that two cable ends are accessible at surface. The cable contains two
multi-mode fibers and no single-mode fiber. During installation, the cable is fixed
with a strapping machine twice at each joint, one close to the coupling and one
in the middle. The joints have a nominal length of ca. 11.5 m so that the cable
clamping spacing is 5.75 m. Centralizers are installed at every third joint below the
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coupling. The anchor casing is cemented with an inner string (Stinger) cementation.
The cement type is class G Portland cement (CEM IIIB 32.5). The cement job was
monitored with DTS. Due to the lack of single-mode fiber, no DSS measurement of
the anchor casing cementation was possible.
Subsequently, the well was drilled to 570 m to reach the target reservoir horizon.
However, due to inadequate reservoir properties, a cement plug was pumped. The
target reservoir horizon did not meet the estimated thickness had a high shale and
silt content. It was decided to develop a shallower reservoir interval from 222 m
- 227 m. TOC of the cement plug is located at 259 m. A production casing is
installed to 235 m. The production casing consists of a 4 1/2” DN80 pipe with
a 10 m slotted liner and a cross-over to 6 5/8” composite material (GRP - glass
reinforced polymer). The casing tally can be found in the appendix 8.3. Two fiber
optic cables are installed on the outside of the casing. Figure 6.3 depicts two photos
during the installation of the fiber optic cables. One of the cables is installed in a
loop, containing two multi-mode fibers and one cable which is installed in a single
ended configuration, containing both single-mode and multi-mode fibers. The cables
were clamped to the casing in intervals of 5 m. Additionally, two PE tubes with an
OD of 4 cm were installed, one to a depth of 211.5 m and one to 99 m. The deeper
PE tube is later used for cement injection and the shallower PE tube is used to lift
remaining fluids from the annulus after well completion.
A gravel pack was installed to develop the filtered interval of the well. Gravel was
added into the annulus at surface to fill the interval from the cement plug up to
the transition to the anchor casing at 212 m. The required gravel volume was
calculated from a caliper logging trip in the open hole section. During the gravel
packing, the setting height was constantly monitored with a wire-line γγ-density-
log inside the production casing. As a setting height of 213 m was reached, gravel
adding and logging stopped. A filling up to 212 m was estimated from the remaining
gravel which was still in suspension in the annulus. The subsequent cement job was
scheduled for 10 hours after the end of the gravel packing.
Just before the start of the cementation, a quality control of the setting height of
the gravel pack was performed with an electric contact gauge. The measurement
revealed that the gravel head dropped by 4 m to a depth of 216 m compared to the
earlier measurement. Consequently, the scheduled cementation had to be delayed
by one day due to a remedial gravel packing operation. After reworking of the gravel
pack, the well completion continued with cementation of the shallower interval with
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a TOC at 93.5 m through the deeper PE tube, resulting in a cement column of
122 m. The cement type used is a commercial off-the-shelf product (Brutoplast)
with a composition of 70 percent powdered clay and 30 percent neat cement and a
slurry density between 1.4 and 1.5 g/cm3 (Baumann et al. 2002). In total, a volume
of 5 m3 is pumped with a rate between 3 m3/h and 7.5 m3/h.
The DSS sampling rate during the gravel packing was 45 s. During the subsequent
night, the sampling rate was reduced to 600 s (10 min). Before the remedial gravel
packing operation was performed, the sampling rate was set to 45 s again. During
cement pumping, the sampling rate was set to 60 s. For the binary data processing,
the window length W was set to 249 DP (0.5 m) with a bin overlap of 50 %.
a) b)
Figure 6.3: Cable installation in Gt BChb 1/2015. a) cable clamping configuration 2 m
above shoe of production casing. b) cable clamping configuration at cross over from DN
80 to 658
′′. Blue PE cement injection tube visible on top
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6.3 Results (D)
The results are presented according to the analyzed well completion phases of the
well - the gravel packing and the cementation. Figure 6.4 shows continuous DTS
profiles from the production casing over these two phases. The dashed boxes mark
the timing of primary gravel packing (1), the remedial gravel packing (2) and the




























































Figure 6.4: DTS data from Gt BChb 1/2015 (ATES Fasanenstrasse) production casing
during well completion. Dashed boxes mark the location of: (1) primary gravel packing,




Figure 6.5 shows the downhole data that was gathered during the gravel packing of
BChb 1/2015. The subplots show pairs of γγ-profiles and DSS measurements that
were gathered contemporaneously for three different time intervals (phases) during
the gravel pack installation. The two subplots on the right show data from the
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Figure 6.5: γγ-logging and DSS data during gravel packing
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The γγ-profile at the start (19:50) show a low density below 2 g/cm3 over the
interval of 206 m to 235 m. Local density spikes display the connectors of the casing
joints at which location the fiber optic cable is clamped to the casing. Over time, the
gravel head shows by the logging data as an increase in density to 2.5 g/cm3 (marked
by the red letters A, B and C). The last profile (21:50) shows that the setting height
of the gravel pack lies at 213 m. The DSS profiles show that the gravel pack gen-
erates a negative strain signal on the cable (relaxation/compression). The location
of the strain signal correlates to the setting height of the gravel pack. However,
the strain relaxation is not increasing steadily along the casing. There are mul-
tiple intervals with localized relaxation maxima which are separated by locations
with no strain change with respect to the reference trace. These no strain locations
are in vicinity to the casing joints at which the cable was mechanically clamped to
the casing. A strain response has a local maximum at the middle point between
two casing clamps. The cable relaxation from gravel lies between 4 - 8 µε. The
final setting height of the gravel lies in between two cable clamping points with a
narrower spacing (213 m and 215 m). The maximal stretching in this interval is 2 µε.
15 minutes after ending of the γγ-logging, an abrupt changed stress state of the
downhole cable is observed in the interval 215 - 228 m (marked with the letter D).
From the clamping point at 215 m going downwards, the cable enters a tensional
regime. Temperature variations that were measured with DTS (see figure 6.6) show
no response to the gravel packing and overall temperature variations do not exceed
0.2 K (equivalent to a strain value of 1 µε). Consequently, the spectral response of
the DSS data is dominated by mechanical nature. The caliper reading shows the
borehole geometry in the open hole section prior to the gravel packing (far right
on figure 6.5). In the interval 215 - 218 m, a washout exists, where the borehole
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Figure 6.6: DTS data during gravel packing
6.3.2 Strain evolution after primary gravel pack
Figure 6.7 shows the DSS data that was gathered over night, after the termination
of the primary gravel packing operation (Phase 4). No γγ-logging was done in
this time window and the borehole was shut-in. Over night, the well temperature
increased by 1 ◦C (equivalent to a strain value of 5.5 µε) in the interval 222 - 228 m.
The DSS signal shows a continuous increase in strain over time in the interval 216
- 225 m up to 18 µε. Areas above and below that interval show little to no change
in the stress state of the fiber optic cable. Casing joints (one at 215 m and one
at 225 m) are in vicinity of the confined strain interval. At these locations, the
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cable is clamped to the casing. Another casing joint is located in between these two
casing joints at a depth of 220 m. Here, the cable was also clamped to the casing.
However, this location does not have an effect on the strain response of the cable
like it was observed during the primary gravel packing (see figure 6.5). Instead, the
strain tensional signal between 216 - 225 m reaches a maximum at this location.
During the remedial gravel packing in the following morning (Phase 5), the DSS
shows a relaxation/compression at the location where the gravel is present up to
a depth of 211 m. The setting height of the gravel pack was not measured with
γγ-logging. An electric contact gauge was used to quality control the final setting
height of 211 m. In addition to the relaxation of the cable interval in the fluid
column (210 - 216 m), the cable interval which is already embedded in the gravel
(below 216 m) experiences tension as the remedial gravel settles. This extensional
















































Figure 6.7: Fiber optic strain response hours after the primary gravel packing and during
the adjustment of the gravel head at the next day
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6.3.3 Cementation
The production casing is cemented from 212 m (top of gravel pack) to 93.5 m below
surface in the annulus between the 11 3/4” anchor and 6 5/8” GRP casing. The
cement job is completed in a time window of 60 minutes. Figure 6.8 shows the
acquired fiber optic data during the cement job.
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Figure 6.8: Distributed data acquired during cementation of the production casing
The reference measurement (time = 0) is 10 min after begin of cement injection.
Black horizontal lines on left edge of each subplot indicate cable clamping locations
to casing at joints. The left plot depicts relative DTS data (further referred to as
DTSmodif ) to the reference location defined by the DSS dataset (here time = 0).
DTS values are translated to spectral values according to equation 4. The center
plot is the DSSraw dataset. The right plot shows the DSSpure values (DSSraw -
DTSmodif ). Starting at the lowest part of the measurement where the gravel pack
is located, (from 212 m to the end of the cable) neither a temperature nor a strain
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signal is present. This indicates no cement enters the gravel pack below 212 m. In
the target cementation interval, an increase in temperature is observable over time
in an upward direction from the injection point. The slope of the upward movement
changes its slope at various times. These events are contemporaneous with the
changing cement pumping rates.
The DSSpure signal shows strain readings in the range of 50 µε towards the tensional
regime and 27 µε towards the compressional regime. A relative compression does
not necessarily mean that the cable is compressed. It can also be interpreted as a
stress relaxation from a stretched state before the reference trace. A tensional fringe
is visible in the DSSpure data with follows the cement heads upward movement in
the annulus. This feature amplifies gradually from 170 m at 10 min towards 105 m
at 60 min. This mechanical attribute is confined to the interface between the spacer
and the cement head. The strain signal fades as the cement head rises in the annulus.
Figure 6.9 shows a selection of DTSmodif and DSSraw profiles at fixed times over the
cemented interval. Both profiles show similar trends away from the interface between
spacer and cement slurry. In vicinity of the cement head (black arrow marker), the
additional strain signal is clearly visible. The magnitude of that strain signal is
irregular over the scope of the cementing operation. Also the length over which this
strain irregularity occurs varies between 7 m (t = 21 min) and 20 m (t = 13 min).
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Figure 6.9: DTSmodif and DSSraw profiles at different times during cement injection. Flow
pump rate is 3.5 m3/h
Figure 6.10 shows a number of traces for the DSSpure and DTSmodif data at fixed
location as a function of time. The profiles from the upper graph show profiles close
to the cement injection depth at 211.5 m and the lower graph profiles around 10 m
below TOC. Although being relatively stable in terms of temperature variations,
the profiles show a significant signal with respect to mechanical strain. The graph
shows the recorded cement injection rates as well. The reference trace for the given
data series was picked during time = 0, at which time the injection rate of 3.5 m3/h
was already present. The ”zero strain” base line therefore shows a mechanical state
of the fiber at a moment during which fluid flow already occurred. Within the
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first 30 min the signal increases gradually to 10 µε. As the cement injection rate
is increased to 7.5 m3/h, the measured strain suddenly tripled in 206 m MD. The
strain magnitude remains constant in the time interval of the higher injection phase.
As the injection stops after 66 min, the strain signal reduces gradually to a value of
20 µε. At a MD of 200.5 m and 196.5 m, the change in strain for the higher injection
rate is less pronounced in magnitude and time. The three shallower profiles at MD of
99.5 m, 101.0 m and 104.5 m show no strain changes within the first injection phase.
A higher injection rate result in a subtle increase in strain up to 10 µε. At 60 min,
the cement reaches at the given MD and shows in the as an abrupt increase in
strain up to 40 µε. As cement injection stop, the signal decreases to values between
10− 20 µε.
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Figure 6.10: DSS profiles over time during cement pumping
105
6.4 Discussion (D)
The analyzed well completion phases are discussed individually in the following
subchapter. First, the strain response of the fiber optic cable due to the gravel
packing operation is discussed. Buoyancy changes are found to be the key reason
for strain changes on the cable during primary gravel packing. The subsequent
compaction of the gravel and resulting tensional signal are discussed afterwards.
Then, the strain measurement during fluid circulation are analyzed.
6.4.1 Cable buoyancy change during gravel packing
Results from the primary gravel packing show a match between the wire-line γγ-
density-log and fiber optic DSS data. At the location where gravel has settled
down, a relaxation of the fiber optic cable is observed. At locations where the cable
is clamped to the casing, the DSS strain response tents to remain unchanged and
unaffected by the gravel. In the cross-over location from DN 80 production casing
to 6 5/8” GRP pipe, the cable was clamped to the casing is very short intervals
(211− 215 m) to prevent damage during installation (see casing in well cellar in
right photo in figure 6.3). Because of that, the fiber is much more mechanically
isolated than in adjacent locations. However, as shown by the laboratory analysis,
clamping location do not isolate a mechanical signal completely due to plastic gel
movement in the cable (see figure 4.3). The clamping locations at 220 m and at
225 m show a peak strain relaxation right at the clamping location which is only
possible with a strain translation beyond the clamping point. In the following, an
explanation for the fiber optic relaxation is given by calculating the reduction of
gravitational forces on the cable due to the gravel pack. The fiber optic cable has
a weight of 63 kg
km
and a diameter of 0.55 cm. Hence its density is 2.65 g/cm3. The
wellbore fluid prior to the gravel packing has a density of 1 g/cm3 and the average
clamping point distance of the cable to the casing is 5 m. With the given parameters,
the maximum apparent weight can be calculated. While being submerged in the
fresh water, a maximal static gravitational force of 2 N acts on the cable at the
top clamping location. This additional force acts on the fiber when the reference
baseline measurement was taken. A subsequent removal of that gravitational force
would lead to an relaxation/apparent compression of the cable leading to a ∆ν of
0.5 GHz and a strain (relaxation) of 4 µε. These values match the measured DSS
readings during gravel packing which are in the range of 4 − 7 µε. As the gravel
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settles down, lateral forces increase on all sides of the cable. It is possible that the
gravitational force acting on the cable was removed by such grain supported matrix
of gravel. Instead of hanging freely in the liquid column, the cable is embedded in
gravel which compensates the gravitational pull.
Another possibility is that the well tubular material experiences axial loading due to
the pull force of the casing. The casing shoe of the production casing (235 - 230 m)
induces a mechanical stress of 340 kPa on the wire-wrapped screen (230 - 220 m)
while being submerged in wellbore fluid with a density of 1 g/cm3 (see equation 12).
Like the downhole cable, the casing pipe will experience axial compression due to
the replacement of fluid by gravel. Assuming the force to be evenly distributed over
the cross sectional area of the wire-wrapped screen and using a Young’s modulus for
steel of 200 GPa, the strain results in 2 µε (see equation 12). The assumptions used
for this calculation underestimate the actual strain, since the mechanical stress will
focus on a smaller cross sectional area due to the helical geometry of steel within
the wire-wrapped screen. The increase in mechanical stress will hence increase
deformation of the pipe, which in consequence will show as deformation on the fiber
optic cable.
6.4.2 Cable tension due to gravel sagging and compaction
DSS data which was gathered continuously shows an abrupt stress state change of
the fiber optic cable shortly after termination of the γγ-density-log (see trace 22:04
in figure 6.5). The cable experiences extension in the interval between 215 − 223 m.
This could be explained by a sudden consolidation of the gravel. The caliper reading
shows a severe wash-out between 215− 218 m. It is probable that gravel kept con-
solidating and additionally filled empty voids which were not filled initially during
primary gravel packing. Next to that, the tension on the cable increases over night,
indicating steady and continuous compaction of the gravel inside the annulus in
the interval from 216− 225 m. DSS measurements during the secondary, remedial
gravel pack show a similar cable relaxation from 210 − 216 m as observed during
primary gravel packing.
6.4.3 Strain measurement during fluid circulation
Both DTS and DSS data are used to monitor the primary cement job in the annulus
of a 6 5/8” GRP pipe. The final TOC after cement pumping is shown at 93.5 m by a
107
relative temperature plateau. That higher temperature is caused by the latent heat
of the cement hydration process. The cement type used is a clay rich mixture with 30
% neat cement. A higher cement concentration would lead to an even higher relative
temperature increase at the location of the cement head. In contrast to the DTS
data, the DSSpure traces show some additional strain values at various locations.
These include the expected interface between spacer fluid and Brutoplast and the
fluid injection point at the lower PE-tube at 210 m. In chapter 5, an experiment
was presented which investigates the forces experienced by a fiber optic cable when
bypassed by a flowing fluid. The results show that measurable strain gradients form
along a mechanically isolated cable interval dependent on the viscosity of the fluid.
However, fluid shear stresses can only be detected when the cable has a high cable
diameter to cable stiffness ratio (dc/k). The fiber clamping intervals in the well are
10 m, which is 3 times longer as measured in the experiment. Assuming the fluid
flow in the annulus can be approximated with a simple pipe flow model, equation
33 can be used to determine the strain gradient which will form along the fiber
optic cable. The hydraulic diameter is DH = caliper - outer diameter casing =
8.2 cm, the flow rate q = 6 cm/s and the cable specific diameter to stiffness ratio
dc/k = 0.009 mm/kN. The viscosity of the cement (Brutoplast) slurry is unknown.
Here, a rough estimation of η=100 mPas is made (Justnes and Vikan 2005). The
actual viscosity may vary by a factor 5 in the most extreme case. With these
parameter, a strain gradient of ε/L = 0.1 µε/m will form (0.5 µε/m assuming the
highest plausible slurry density). This value is still far below the threshold for a
detectable strain gradient of 2 µε/m, even at lengths of 10 m of cable. The shear
forces of the flowing Brutoplast slurry are not sufficient to deform the fiber optic
cable enough to detect a strain gradient.
When a fluid in an annular body is displaced by a more viscous fluid, sudden short-
term strain peaks can be observed along a fiber optic strain sensing cable that is
positioned inside the tube (see figure 5.15 - 5.17). These peaks quickly fade after
the interface between the two fluid types bypassed the cable interval. Figure 6.9
shows a similar behavior compared to the experimental observations. When the
mixing zone of two fluids with different rheological properties is located in between
two clamping points of the strain sensing fiber optic cable, tensional forces along
the cable increase. A possible explanation could be that the wall shear stress model
from chapter 5 is not valid during the initial displacement of a fluid along the surface
of the cable. The laminar flow model assumes that the particle velocity approaches
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zero at the surface of the cable and reaches its maximum in between the cable and
the inner casing wall (see schematically in figure 5.2). When the low viscous spacer
fluid is initially displaced by the more viscous Brutoplast suspension, the particle
velocity at the surface of the cable could be increased due to the fluid displacement
process. This increased velocity also increases the wall shear stress per unit area
of the fiber optic cable. After some time, a more steady and laminar flow profile
establishes with wall shear stresses as expected from the analytical model.
In the analysis of the physical origin of the strain reading during gravel packing,
it is argued that cable (and casing) buoyancy changes are a main source of the
strain relaxation. A buoyancy change also occurs during the cement pumping. The
displacement of water by denser cement slurry increases the buoyancy and decreases
the apparent weight of the cable. As calculated before (see chapter 6.4.1), the
apparent weight of a 5 m cable interval hanging in a clear water column is 2 N.
For a 10 m cable interval, this weight would be 4 N. Compared to clear water, the
Brutoplast slurry density is 1.4 -1.5 g/cm3 which reduces the apparent weight by
40 - 50 % to 2 N (equivalent to ∆ν of 0.5 GHz and a strain relaxation of 4 µε).
The apparent weight reduction decreases the gravitational pull on the cable which
is a relative force towards upward direction. This leads to a relative compression
from the cable and casing in an upward direction below the interface of spacer and
Brutoplast slurry. With respect to the DSS profiles in figure 6.9, the relative strain
should reduce below the upward moving displacement front.
Due to the fact that the fiber optic cable is not designed to pick up strain, the
expected strain effect from fluid shear stresses as well as buoyancy changes are very
close to the noise level of the fiber optic read out unit used in this study. More data
is needed to obtain thorough understanding of the origin of the strain signal.
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6.5 Conclusion (D)
This chapter shows a match of DSS data and conventional wire-line γγ-density-
logging data. That is because the cable and the casing pipe experience axial com-
pression when the surrounding liquid is being replaced by gravel. Even though the
cable relaxation is as small as 6 µε, it is detectable with the fiber optic interrogator.
In addition, the continuous DSS logging reveals subsequent sagging and compaction
of the annular material in real-time after the wire-line logging terminated. The
continuous real-time DSS logging monitored ongoing dynamics of the gravel column
which were undetected by the conventional logging campaign. It shows that a deci-
sion making process on requirements for remedial gravel packing operation can be
made quicker with the availability of DSS data on site. In the context of the gravel
packing operation, a qualitative interpretation of the strain signal might be suffi-
cient for a decision making process. It is not necessary to measure the exact force
on the cable accurately to determine the process of gravel settling and compaction.
A relative statement on the fact that the gravel is compacting in between a depth
interval is already a valuable information. In the context of fluid flow profiling and
the determination of rheological properties of the pumped fluid, a more quantitative
measurement is necessary.
This work demonstrates that DSS data can be used in combination with DTS data
to get a better understanding of fluid displacement processes in a real working full
scale environment. A strain signal could be followed at the interface of spacer and
cement slurry and at the cement injection location at the bottom of the well.
It is a challenge for a cable of non-optimized design like the one used in this installa-
tion to detect the subtle mechanical changes expected from fluid shear stresses. For
future installations it is recommended to utilize a cable designed for strain sensing
in order to mitigate the hysteresis during load changes and to further improve the
spatial and strain resolution. Given more accurate downhole DSS data, a better
assessment of the fluid rheological parameters can be made.
In the general framework of well cementing operations, continuous DSS monitor-
ing has vast potential to bridge the gap of information shortage during the cement
pumping. In the introduction of this work it was argued that there is a gap of
information concerning the cement pumping operation in industry practice. Before
the cementing operation, detailed fluid rheological properties from laboratory anal-
ysis and advanced computer simulations are available to identify be most promising
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cementing strategy. Once the cementing operation concludes, cement evaluation
tools are used to access the quality and distribution of the cement in the annulus.
The real-time DSS monitoring links these various sources of information. With an
increasing number of DSS monitoring campaigns from numerous cable installations
and cementing operation, a data base could be created. From this experience, failure
criteria of bad cementing operations could be much better determined. Indications
for a bad cementing operation from DSS could exemplary show as an decreasing
strain gradient over time in the depth interval where the cement slurry is displacing
a foregoing spacer fluid. A decrease in strain would be expected if a mixing and
contamination of the cement slurry occurs and the fluid-fluid interface is unstable.
The benefit of a fiber optic installation in a well does not terminate after the ce-
menting operation. Strain monitoring of the primary well completion is just the very
first step measured with the fiber optic cable. Over the lifetime of the well, DSS
and DTS monitoring can be applied whenever required. Further well operations of
interest could be injection and production phases (heating and cooling of the well),
work over operations and the final plug and abandonment phase.
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7 Summary
This work shows that fiber optic distributed strain sensing (DSS) techniques can be
used to monitor mechanical load changes and fluid rheological parameters such as
the fluid viscosity at any given location along a cable installation in contact with a
moving fluid. A novel fiber optic distributed viscosity sensor based on DSS has been
developed, implemented and validated (patent application number: EP 19171265.2).
As explained in the introductory senction, there is a time gap of information when an
operation is performed on a wellbore. Taking a cementing operation as an example,
detailed information is available beforehand concerning e.g. the fluid rheological pa-
rameters (from laboratory analysis) or cementation strategies (from computer sim-
ulations). After the cement job is finished, information from wire-line logging and
hydraulic testing is available to access the integrity of the cement sheath. In between
the preparation and the post-job evaluation, at which time the actual operation is
performed, there is traditionally a time window of sparse information availability.
The available data is restricted to the pumping rates of the cement pumps and pres-
sure data measured at surface. Real-time distributed down-hole data is desirable
because it can help to improve the understanding of wellbore flow and annular fluid
displacements. Because the data is available instantly, adjustments on the pumping
strategy can potentially be applied directly without major time loss due to waiting
on cement (WOC). In addition to that, the data can help to validate the pre-job
fluid and solid displacement simulations and serve as a cross-link to the post-job
quality control.
Laboratory experiments were performed for this research to study the capabilities
and limitations of the available DSS interrogator. In the initial experiment, a bare
fiber was wrapped around material cylinders with different thermal expansion coef-
ficient and heated in an oven. The cross sensitivity of temperature and strain was
accessed with that experiment. After temperature correction, the obtained strain
calibration constant was found to be in accordance with literature values. Another
experimental run was performed on a high temperature fiber optic cable.
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DSS measurements were used to investigate the strain response of complex multi-
layer fiber optic cables. An analytical as well as an experimental approach were
used to quantify the impact of individual cable components on the total deforma-
tion characteristics measured by the inner lying fiber. A comparison was made
between a rigid fiber optic cable which is not design to pick up strain, a fiber optic
cable specially designed to pick up strain and a bare fiber. The rigid cable is a fiber
in metal tube (FIMT) with gel filling. The strain cable is tight-buffer cable where
all cable layers are mechanically coupled. The cumulative stiffness of the cable com-
ponents is the main parameter which governs the fiber strain response during load
changes. Special attention was given to the gel filling of the rigid cable sample.
The experiment showed that load changes lead to a hysteresis effect due to plastic
gel movement. Despite the complexity of the fiber optic cables, DSS data could be
obtained with high accuracy for the tested cables. This experiment has shown that
in addition to strain sensing, DSS data is capable to detect absolute forces. This
finding opens up possibilities to use DSS as a weight scale or as a detector for wall
shear stresses from a flowing medium.
At this point of the research, a thorough understanding of the strain response of
fiber optic cables was achieved. In the next step, fluid mechanics were integrated
into the study. The analysis from empirical equations suggested that a detectable
strain forms on a fiber optic cable which lies in the flow path of a moving medium.
That strain occurs due to the wall shear stresses which act on the interface between
the flowing fluid and the outer surface of the fiber optic cable. Among other param-
eter, the wall shear stress is a function of the viscosity of the fluid. An experimental
setup was designed that successfully elaborated the capability of fiber optic cables
to measure fluid rheological parameter such as the viscosity. It was found out in
this work, that a strain gradient forms along a mechanically confined interval over
which a flowing fluid induces wall shear stresses on a cable. That strain gradient
can be analyzed to calculate the apparent viscosity of the flowing fluid, given the
flow rate, hydraulic diameter and an additional factor which accounts for the prop-
erties of the fiber optic cable. This factor is introduced in this thesis as the dc/k
ratio, where dc is the diameter of the fiber optic cable and k the cumulative stiff-
ness of the cable. An optimized cable construction for fluid viscosity sensing was
proposed, in which the strain sensing glass fiber is embedded in an elastomer mantle.
114
In the last chapter of this thesis, field data from a fiber optic cable installation
behind the production casing of a well is analyzed. DSS and DTS data were moni-
tored during two completion phases - the sand control gravel packing operation and
the cement pumping. The field measurement campaign shows that DSS data indi-
cates density differences in the annulus by comparing the data with conventional
γγ-density-logging data. That is because the cable and completion experiences a
change in buoyant forces (relative relaxation) when the surrounding liquid is being
replaced by gravel. The continuous DSS logging reveals subsequent sagging and
compaction after the wire-line logging terminated. The field data further suggests
that fluid rheological parameters can be analyzed quantitatively to a certain degree.
DSS down-hole data has the potential to bridge the gap of lacking information
from the subsurface during well completion and to improve the understanding of
wellbore flow and annular fluid displacements. The results have shown that DSS
data gives new insights in downhole application during well completion phases. In
combination with DTS data, these fiber optic distributed technologies open up the
possibility to monitor material setting processes and downhole fluid flow dynamics.
The applications of the findings of this work are not limited to downhole completion
operations. In any technical system with a process fluid, the DSS analysis of this
research can be implemented to measure distributed fluid rheological parameters
such as the viscosity and also solid movements.
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8 Outlook
There are a number of aspects to be considered in order to improve DSS monitoring
of physical displacement processes. The three main pillars which can be defined are
(1) the selection of a more suitable DSS interrogation unit, (2) the design and se-
lection of an appropriate fiber optic cable for strain sensing and (3) the consistency
of the experimental setup/cable installation procedure.
The fiber optic DSS interrogator used in this study is not designed for continu-
ous monitoring in the field. The spatial strain and temperature resolution offered
by the interrogator is extremely high (centimeter scale) while the total fiber length
is limited to 2 km. For well monitoring purposes, it is recommended to use a more
suitable DSS interrogator for bore hole measurements. The maximal fiber sensing
length should be extended so that the technology can also be applied in deeper
wells. At the same time, the high spatial resolution is not necessarily required since
a depth correlation below the decimeter to meter scale is more or less impossible in
wellbore applications. If instead the temporal sampling rate could be improved, less
spatial detail is acceptable.
It was found out in this work that the wall shear stresses on a cable from fluid
movement are much lower than the maximum elongation allowed by a fiber. Differ-
ent cable mantle materials were proposed in this thesis which alter the cable dc/k
ratio significantly. In addition to that, the surface of the cable can be designed
differently to improve sensitivity to flow. This can be done by increasing the cable
diameter locally, adding flow barriers perpendicular to the flow direction or to im-
printing a wavy/irregular profile on the cable. There are also possibilities to embed
the strain sensing fiber into a rod which is exposed to flowing medium and orien-
tated parallel to the flow. The wall shear stresses would deform the rod which in
theory could be monitored with DSS.
For practical reasons, the DSS rheology experiment was performed with steel pipes.
It is suggested to design the follow-up experiment with transparent materials which
have a low thermal expansion coefficient. A suitable material would be borosilicate
glass. The visibility of the displacement process of one fluid phase by another pro-
vides a more profound interpretation of measured strain profiles.
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In terms of well integrity standards, it is required by legislation to obtain full az-
imuthal information to verify a cementing operation in case of deviations from the
planned completion program (acceptance table B 3.4 c in BVEG (2017)). For that
requirement, the proposed linear cable installation presented in this work has its
limitation due to the fact that only one profile in the casing/annulus is measured.
Linear axial fiber optic data will most likely not be accepted as a quality control for
well integrity standards. It should be investigated to install numerous cables spaced
equally around the circumference of the casing to obtain better azimuthal coverage.
The sand control gravel packing operation monitored in the framework of this re-
search was performed straight-forward by pouring gravel in the annulus. Since the
well is vertical and only a couple of hundred meters deep, no specialized equip-
ment was required to perform this operation successfully. In context with the oil
and gas industry, well trajectories are often highly deviated with long horizontal
sections. For such wells, the completion strategies are technically more sophisti-
cated and additional DSS data would surely be beneficial to evaluate the subsurface
displacement dynamics. Being able to install a fiber optic cable safely in such a
complicated setting represents a big challenge. More work should be done on cable
landing strategies of fiber optic cables in such environments.
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(2013). Prandtl - Führer durch die Strömungslehre: Grundlagen und Phänomene.
Herbert Oertel jr.
Oil, U. and Gas (March 2016). Well life cycle integrity guidelines, London, UK.
Technical report, UK Oil and Gas.
Olkkonen, J. and J. Nykänen (1999). Continuous tight buffering process - revolution
in premises cable manufacturing. Communication Cables and Related Technolo-
gies .
Othonos, A. and K. Kalli (1999). Fiber Bragg gratings - fundamentals and applica-
tions in telecommunications and sensing. Artech House optoelectronics library.
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Appendix
Table 8.1: AutoIt script for continuous monitoring with OBR 4400
Script Comment
for $x= 0 to 1000 :iterator
WinActivate(”Luna Technologies - Optical Backscatter Reflectometer”) :toggle window
MouseClick(”left”,151,421) :perform measurement
Sleep(20000) :sleep time (ms)
MouseClick(”left”,520,520) :calculate profile
Sleep(20000)
Send(”{CTRLDOWN}s{CTRLUP}”) :hotkey ”save under”
Send(”{ENTER}”)
Sleep(5000)
Send(”Measurement”&$x) :output file name
Sleep(15000)
Next
Table 8.2: Weight steps for the strain experiment with different cable types.
cable name (Run) weight increase (g) weight decrease (g)
Cable F3 (1) 5, 10, 20, 30 200, 150, 100
40, 60, 80, 100 40, 0
150, 200, 300
Cable F3 (2) 5, 10, 20, 30 200, 150, 100
40, 60,80, 100 40, 0
150, 200,300
Cable F2 (1) 10, 50, 100, 150 400, 350, 200, 150
200, 350, 400, 600 100,50, 20, 0
Cable F2 (2) 10, 20,40, 60 0
100, 150, 200, 350
400, 600
Fiber F1 1,2, 3, 4, 5 0
6, 7, 8, 9
24.5, 49.8
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Figure A1: Cable strain calibration experiments for nkt cable (1/2)
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0g (removal), time=0 min
0g (removal), time=5 min
0g (removal), time=10 min
no weight
Figure A2: Cable strain calibration experiments for nkt cable (2/2)
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1 2 200g, time=0 min
200g, time=5 min
no weight
Figure A3: Cable strain calibration experiments for Brugg cable (1/2)
134
























































0g (removal), time=0 min
0g (removal), time=5 min
no weight
Figure A4: Cable strain calibration experiments for Brugg cable (2/2)
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Figure A5: Cable clamping configuration 2 m above shoe of production casing. Cable is
secured by a centralizer.
136
Figure A6: Cable clamping configuration at cross over from 4 12
′′ to 658
′′. Blue PE cement
injection tube visible on top. A centralizer above the crossover location is hidden in this
picture. 211.5 m MD
Figure A7: Cable clamping configuration at 6 58
′′ GRP (glass reinforced polymer) pipe.
Only fiber optic cable clamped at joint. Cable and PE tube clamped together to casing
20 cm above joint.Joint location: 114.5 m MD
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Figure A8: Cable clamping configuration at 6 58
′′ GRP (glass reinforced polymer) pipe at
installation depth of lower PE tube. Joint location: 99.0 m MD
Figure A9: Gravel packing at well head. Fiber optic cable were fed through the well head
flange at the left.
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Table 8.3: Casing tally production casing
Item No. Length MD of joint Type Comment
1 2.04 232.96 4.5” steel FO cable at joint
2 3.01 229.95 4.5” steel 1. centr*(1-2)
3 5.01 224.94 4.5” filter 2. centr* (3-4)
4 5.01 219.93 4.5” filter 3. centr* (4-5)
5 5.01 214.92 4.5” steel
6 2.01 212.91 4.5” steel
7 0.82 212.09 x-over
8 0.48 211.61 x-over
9 8.88 202.73 6 5/8” GRP 1. PE tube
10 8.85 193.88 6 5/8” GRP
11 8.89 184.99 6 5/8” GRP
12 8.85 176.14 6 5/8” GRP
13 8.84 167.30 6 5/8” GRP
14 8.85 158.45 6 5/8” GRP
15 8.80 149.65 6 5/8” GRP
16 8.67 140.98 6 5/8” GRP
17 8.84 132.14 6 5/8” GRP
18 8.88 123.26 6 5/8” GRP
19 8.85 114.41 6 5/8” GRP
20 8.86 105.55 6 5/8” GRP
21 8.84 96.71 6 5/8” GRP 2. PE tube
22 8.84 87.87 6 5/8” GRP
23 8.84 79.03 6 5/8” GRP
24 8.85 70.18 6 5/8” GRP
25 8.87 61.31 6 5/8” GRP
26 8.86 52.45 6 5/8” GRP
27 8.76 43.69 6 5/8” GRP
28 8.85 34.84 6 5/8” GRP
29 8.84 26.00 6 5/8” GRP
30 8.82 17.18 6 5/8” GRP
31 8.86 8.32 6 5/8” GRP
32 5.03 3.29 6 5/8” GRP
33 4 0 6 5/8” GRP
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